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5.1 WHAT THE SYSTEM LINK BUDGET TELLS 
THE SYSTEM ENGINEER 

When we talk about □ communications link, to what part of the system are we re¬ 
ferring? Is it simply the channel or region belween the Iransmiller and receiver? 
No. it is far more than that. The link encompasses the entire communications path, 
from the information source, through all the encoding and modulation steps, 
through the transmitter and the channel, up to and including the receiver with all 
its signal processing steps, and terminating at the information sink. 

What is a link analysis, and what purpose does it serve in the development of 
a communication system?,The link analysis, and its output, the Hnk consist 

of the calculations and tabulation of the useful signal power and the interfering 
noise power available at the receiver. The link budget is a balance sheet of gains 
and losses: it outlines the detailed apportionment of transmission and reception re¬ 
sources, noise sources, signal attenuators, and effects of processes throughout the 
link. Some of the budget parameters are statistical {e.g., allowances for the fading 
of signals as described in Chapter 15). The budget is an esUmation technique for 
evaluating communication system error performance. In Chapters 3 and 4 we ex¬ 
amined probability of error versus curves having a *'walerfall-like*‘ shape, 

such as the one shown in Figure 3.6. We thereby related error probability to Eft/Nn 
for various modulation types in Gaussian noise. Once a modulation scheme has 
been chosen, the requirement to meet a particular error probability dictates a par¬ 
ticular operating point on the curve; in other words, the required error perfor- 
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mance dictates the value of t'h/N,} that must be made available at the receiver in 
order to meet that performance. The primary purpose of a link analysis is to deter¬ 
mine the actual system operating point in Figure 3.6 and to establish that the error 
probability associated with that point is less than or equal to the system require¬ 
ment. Of the many specifications, analyses, and tabulations that are used in the de¬ 
velopment of a communication system, the link budget stands out as a basic tool 
for providing the system engineer with overall system insight. 

By examining the link budget, one can learn many things about overall sys¬ 
tem design and performance. For example, from the link margin, one learns 
whether the system will meet many of its requirements comfortably, marginally, or 
not at all. The link budget may reveal if there are any hardware constraints, and 
whether such constraints can be compensated for in other parts of the link. The 
link budget is often used as a "score sheet" in considering system trade-offs and 
configuration changes, and in understanding subsy-sicm nuances and interdepen¬ 
dencies. From a quick examination of the link budget and its supporting documen¬ 
tation. one can judge whether the analysis was done precisely or if it represents a 
rough estimate. Together with other meeting techniques, the link budget can help 
predict equipment weight, size, prime power requirements, technical risk, and cost. 
The link budget is one of the system manager's most useful documents; it repre¬ 
sents the "bottom-line" tally in the search for optimimum system performance. 


5.2 THE CHANNEL 

The propagating medium or electromagnetic path connecting the transmitter and 
receiver is called the channel, fn general, a communications channel might consist 
of wires, coaxial cables, fiber optic cables, and in the ca.se of radio-frequency (RF) 
links, waveguides, the atmosphere, or empty space. For most terrestrial communi¬ 
cation links, the channel space is occupied by the atmosphere and partially 
bounded by the earth's surface. For satellite links, the channel is occupied mostly 
by empty space. Although some atmospheric effects occur at altitudes up to 100 
km. the hulk of the atmosphere extends to an altitude of 20 km. Therefore, only a 
small part (0.05%) of the total synchronous altitude (35.800 km) path is occupied 
by significant amounts of atmosphere. Most of this chapter presents link analysis in 
the context of such a satellite communications link. In Chapter 15. the link budget 
issues are extended to terrestrial wireless links. 


S.2.1 The Concept of Free Space 

The concept of free space assumes a channel free of all hindrances to RF propaga¬ 
tion. such as absorption, reflection, refraction, or diffraction. If there is any atmos¬ 
phere in the channel, it must be perfectly uniform and meet all these conditions. 
Also, we assume that the earth is infinitely far away or that its reflection coefficient 
is negligible. The RF energy arriving at the receiver is assumed to be a function 
only of distance from the transmitter (following the inverse-square law as used in 
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optics). A free-space channel characterizes an ideal RF propagation path: in 
practice, propagation through the atmosphere and near the ground results in 
absorption, reflection, diffraction and scattering, which modify the free-space 
transmission. Atmospheric absorption is treated in later sections. Reflection, dif¬ 
fraction, and scattering, which play an important role in determining terrestrial 
communications performance, are treated in Chapter 15. Also, Panier [1] provides 
a comprehensive treatment of these mechanisms. 

5.2.2 Error-Performance Degradation 

In C'hapter 3, it was established that there are two primary causes for degradation 
of error performance. The first is loss in signal-to-noise ratio. The second is signal 
distortion as might be caused by intersymbol interference (ISl). In Chapters 3 and 
15, some of the equalization techniques to counter the degradation effect of ISl are 
treated. In this chapter, we are concerned with the “bookkeeping" of the gains and 
losses for signal power and interfering power. ISl will not be included in the link 
budget becaUvSe the uniqueness of ISl is that an increase in signal power will not al' 
ways mitigate the degradation that it causes. (See Section 3.32.) 

For digital communications, error performance depends on the received 
which was defined in Equation (3.30) as 

S 

N\h) 

In other words, £f,/Nn is a measure of normalized signal-to^noise ratio {S/N or 
SNR). LInless otherwise stated, SNR refers to averofie signal power and overage 
noise power. The signal can be an information signal, a baseband waveform, or a 
modulated carrier. The SNR can degrade in two ways: (1) through the decrease of 
the desired .signal power, and (2) through the increase of noise power, or the in¬ 
crease of interfering signal power. Let us refer to these degradations as loss and 
noise (or interference), respectively. Losses occur when a portion of the signal is ab¬ 
sorbed, diverted, scattered, or reflected along its route to the intended receiver: 
thus a portion of the transmitted energy does not arrive at the receiver. There are 
several sources of interfering electrical noise and interference produced by a vari¬ 
ety of mechanisms and sources, such as thermal noise, galaxy noise, atmospheric 
noise, switching transients, iniermodulation noise, and interfering signals from 
other sources. Industry usage of the terms loss and noise frequently confuses the 
underlying degradation mechanism; however, the net effect on the SNR is the 
same. 


5.2.3 Sources of Signal Loss and Noise 

Figure 5.1 is a block diagram of a satellite communications link, emphasizing the 
sources of signal loss and noise. In the figure a signal loss is distinguished from a noise 
source by a dot pattern or line pattern, respectively. The contributors of hath signal 
loss and noise are identified by a crosshatched tine pattern. The following list of 21 
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Figure 5.1 Satellite transmitter-to-receiver iink with typical loss and noise sources. 



















sources of degradation represents a partial catalog of the major contributors to SNR 
degradation. The numbers correspond to the numbered circles in Figure 5.1. 


1. Bandlhnitmg loss. All systems use filters in the transmitter to ensure that the 
transmuted energy is confined to the allocated or assigned bandwidth. This is 
to avoid interfering with other channels or users and to meet the require¬ 
ments of regulatory agencies. Such filtering reduces the total amount of en¬ 
ergy that would otherwise have been transmitted; the result is a loss in signal. 

2. Intersymbol interference (ISl). As discussed in Chapter 3. filtering throughout 
the system—in the transmitter, in the receiver, and in the channel—can 
result in ISI. The received pulses overlap one another: the tail of one pulse 
“smears" into adjacent symbol intervals so as to interfere with the detection 
process. Even in the absence of thermal noise, imperfect filtering, system 
bandwidth constraints, and fading channels lead to ISI degradation. 

3. Local oscilUuor (LO\ phitse noLsc. When an LO is used in signal mixing, 
phase fluctuations or jitter adds phase noise to the signal. When used as the 
reference signal in a receiver correlator, phase jitter can cause detector 
degradation and hence signal loss. At the iransmittcr, phase jitter can cause 
out-of-band signal spreading, which, in turn, will he filtered out and cause a 
/o.v.v in signal, 

4. AM/FM enmersion. AM-lo-PM conversion is a phase noise phenomenon 
occurring in nonlinear devices such as traveling-wave tubes (TW'D. Signal 
amplitude fluctuations (amplitude modulation) produce phase variations that 
contribute phase noise to signals that will he coherently detected. AM-lo-PM 
conversion can also cause extraneous sidebands, resulting in signal loss. 

5. Limiter loss or enhancement. A hard limiter can enhance the stronger of two 
signals, and suppress the weaker: this can result in either a signal loss or a 
signal gain [2]. 

6. .Multiple<arrier internunlularion (IM} products. When several signals having 
different carrier frequencies are simultaneously present in a nonlinear device, 
such as a TWT, the result is a multiplicative interaction between the carrier 
frequencies which can produce signals at all combinations of sum and differ¬ 
ence frequencies. The energy apportioned to these spurious signals (inlcr- 
modulation or IM products) represents a loss in signal energy, in addition, if 
these IM products appear within the bandwidth region of these or other 
signals, the effect is that of added noise for those signals. 

7. Modulation loss. The link budget is a calculation of received useful power (or 
energy). Only the power associated with information-bearing signals is useful. 
Error performance is a function of energy per transmitted symbol. Any 
power used for transmitting the carrier rather than the modulating signal 
(symbols) is a modulation loss. (However, energy in the carrier may be useful 
in aiding synchronization.) 

8. Antenna efficiency. Antennas are transducers that convert electronic signals 
into electromagnetic fields, and vice versa. They are also used to focus the 
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electromagnetic energy in a desired direction. The larger the antenna 
aperture (area), the larger is the resulting signal power density in the desired 
direction. An antenna's efficiency is described by the ratio of its effective 
aperture to its physical aperture. Mechanisms contributing to a reduction in 
efficiency {loss in signal strength) are known as amplitude tapering, aperture 
blockage, scattering, re-radiation, spillover, edge diffraction, and dissipative 
loss [3]. Typical efficiencies due to the combined effects of these mechanisms 
range between 50 and 80%. 

9. Radonie loss and noise. A radome is a protective cover, used with some 
antennas, for shielding against weather effects. The radome, being in the 
path of the signal, will scatter and absorb some of the signal energy, thus 
resulting in a signal loss. A basic law of physics holds that a body capable of 
absorbing energy also radiates energy (at temperatures above 0 K). Some of 
this energy falls in the bandwidth of the receiver and constitutes injected 
noise. 

10. Pointing loss. There is a loss of signal when either the transmitting antenna or 
the receiving antenna is imperfectly pointed. 

11. Polarization loss. The polarization of an electromagnetic (EM) field is 
defined as the direction in space along which the field lines point, and the 
polarization of an antenna is described by the polarization of its radiated 
field. There is a loss of signal due to any polarization mismatch between the 
transmitting and receiving antennas. 

12. Atmospheric toss and noise. The atmosphere is responsible for signal loss and 
is also a contributor of unwanted noise. The bulk of the atmosphere extends 
to an altitude of approximately 20 km: yet within that relatively short path, 
important loss and noise mechanisms arc at work. Figure 5.2 is a plot of the 
theoretical one-way attenuation from a specified height to the top of the at¬ 
mosphere. The calculations were made for several heights (0 km is sea level) 
and for a water vapor content of 7.5 g/m^ at the earth's surface. The magni¬ 
tude of signal toss due to oxygen (O 2 ) and water vapor absorption is plotted 
as a function of carrier frequency. Local maxima of attenuation occur in the 
vicinities of 22 GHz (water vapor), and 60 and 120 GHz (O 2 ). The atmos¬ 
phere also contributes noise energy into the link. As in the case of the 
radome, molecules that absorb energy also radiate energy. The oxygen and 
water vapor molecules radiate noise throughout the RF spectrum. The por¬ 
tion of this noise that falls within the bandwidth of a given communication 
system will degrade its SNR. A primary atmospheric cause of signal loss and 
contributor of noise is rainfall. The more intense the rainfall, the more signal 
energy it will absorb. Also, on a day when rain passes through the antenna 
beam, there is a larger amount of atmospheric noise radiated into the system 
receiver than there is on a clear day. More will be said about atmospheric 
noise in later sections. 

13. Space loss. There is a decrease in the electric field strength, and thus in signal 
strength (power density or flux density), as a function of distance. For a 
satellite communications link, the space loss is the largest single loss in the 
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Theoretical one-way zenith attenuation (dB} 



1 2 5 10 20 50 100 200 400 


Frequency (GHz) 

Figure $.2 Theoretical vertical one-way attenuation from specified 
height to lop of atmosphere for 7.5 gfm^ of water vapor at the surface. 

(Does not Include effect of rain or cloud attenuation.) (Reprinted from 
NASA Reference Publication 1082(03). “Propagation Effects Handbook 
for Satellite Systems Design," June 1983. Fig. 6.2-1. p. 216. courtesy of 
the National Aeronautics and Space Administration.) 

system. It is a loss in the sense that all Ihc radiated energy is not focused 
on the intended receiving antenna. 

14, Adjacent channel inierference. This inferference is characterized by unwanted 
signals from other frequency channels “spilling over*' or injecling energy into 
the channel of interest. The proximity with which channels can be located in 
frequency is determined by the modulation speclral roll-off and the width and 
shape of the main spectral lobe. 

15, Co-channel inierference. This interference refers to the degradation caused by 
an interfering waveform appearing within the signal bandwidth. It can be intro- 
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duced by a variety of ways, such as accidental transmissions, insufficient verti¬ 
cal and horizontal polarization discrimination, or by radiation spillover from an 
antenna sidclobc (low-energy beam surrounding the main antenna beam), ll 
can be brought about by other authorized users of the same spectrum. 

16. Intermodulafion (IM) noise. TTie IM products described in item 6 result from 
multiple-carrier signals interacting in a nonlinear device. Such IM products 
arc sometimes called active intermods; as described in item 6, they can either 
cause a loss in signal energy or be responsible for noise injected into a link. 
Here we consider passive miennods; these are caused by multiple-carrier 
transmission signals interacting with nonlinear components at the transmitter 
output. These nonlinearilies generally occur at the junction of waveguide 
coupling joints, at corroded surfaces, and at surfaces having poor electrical 
contact. When large EM fields impinge on surfaces that have a diode-like 
transfer function (work potential), they cause multiplicative products, and 
hence noise. If such noise radiates into a closely located receiving antenna, it 
can seriously degrade the receiver performance. 

17. (jaluctic or cosmic, star, and terrestrial noise. All the celestial bodies, such as 
the stars and the planets, radiate energy. Such noise energy in the field of 
view of the antenna will degrade the SNR. 

18. Feeder line loss. The level of the received signal might be very small (e.g.. 
t(r‘" W), and thus will be particularly susceptible to noise degradation. The 
receiver front end. therefore, is a region where great care is taken to keep the 
noise as small as possible until the signal has been suitably amplified. 
The waveguide or cable (feeder line) between the receiving antenna and the 
receiver Ironl end contributes both signal (Utennation and thermal noise; the 
details are treated in Section .^.5.3. 

19. Receiver noise. This is the thermal noise generated within the receiver; the de¬ 
tails arc treated in Sections 5.5.1 to 5.5.4. 

20. Iniplemenrarion h.ss. This loss in performance is the difference between 
theoretical detection performance and the actual performance due lo im¬ 
perfections such as timing errors, frequency offsets, finite rise and fall limes 
of waveforms, ^nd finite-value arithmetic. 

21. Imperfect synchronization reference. When the carrier phase, the subcarrier 
phase, and the symbol timing references are all derived perfectly. Ihe error 
probability is a well-defined function of discussed in Chapters 3 and 4, 
In general, they are not derived perfectly, resulting in a system A>.v,s. 


5.3 RECEIVED SIGNAL POWER AND NOISE POWER 
5.3.1 The Range Equation 

The main purpose of the link budget is to verify that the communication system 
will operate according to plan—that is, the message quality (error performance) 
will meet the specifications. The link budget monitors the ''ups“ and •downs ’ 
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(gains and losses) of the transmitied signal, from its inception at the Iransmitler 
until it IS ultimately received at the receiver The compilation yields how much 
£/,/No is received and how much safety margin exists beyond what is required. The 
process starts with the range eqitaiion, which relates power received to the distance 
between transmitter and receiver. We develop the range equation below. 

In radio communication systems, the carrier wave is propagated from the 
transmitter by the use of a transmitting antenna. The transmitting antenna is a 
transducer that converts electronic signals into electromagnetic (EM) fields. At the 
receiver, a receiving antenna performs the reverse function: it converts EM fields 
into electronic signals. The development of the fundamental power relationship be¬ 
tween the receiver and transmitter usually begins with the assumption of an omni¬ 
directional RF source, transmitting uniformly over 4jt steradians. Such an ideal 
source, called an isotropic radiator, is illustrated in Figure S3. The power density 
p(d) on a hypothetical sphere at a distance d from the source is related to the trans¬ 
mitted power P, by 


p 

P(rf)=—walts/m^ (5.1) 

4TTd* 

since 4irr/' is the area of the sphere. The power extracted with the receiving 
antenna can be written as 


P, » p(d)A,, 



(5.2) 


where the parameter is the absorption cross section (effective area) of the 
receiving antenna, defined by 


total power extracted 
incident power flux density 


(5.3) 



Figure 5.3 Range equation. Expresses received power In terms of 
distance. 
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If the antenna under consideration is a transmitting antenna, its effective area is 
designated by If the antenna in question is unspecified as to its receiving or 
transmitting function, its effective area is designated simply by -4^. 

An antenna's effective area A, and physical area Ap are related by an effi¬ 
ciency parameter t\ as 


-4^ = ^Ap (5.4) 

which accounts for the fact that the total incident power is not extracted; it is 
lost through various mechanisms [3). Nominal values for q are 0.55 for a dish 
(parabolic-shaped reflector) and 0.75 for a horn-shaped antenna. 

The antenna parameter that relates the power output (or input) to that of an 
isotropic radiator as a purely geometric ratio is the antenna directivity or directiv e 
gain 

_ maximum power intensitv 

G * -^^^-T— (5.5) 

average power intensity over 4Tr steradians 

In the absence of any dissipative loss or impedance mismatch loss, ihc an¬ 
tenna gain (in the direction of maximum intensity) is defined simply as the direc¬ 
tive gain in Equation (5.5). However, in the event that there exists some dissipative 
or impedance mismatch loss, the antenna gain is then equal to the directive gain 
times a loss factor to account for these losses (4). In this chapter we shall assume 
that the dissipative loss is zero and that the impedances are perfectly matched. 
Therefore. Equation (5.5) describes the peak antenna gain; it can be viewed as the 
result of concentrating the RF Ilux in some restricted region less than 417 steradi¬ 
ans, as shown in Figure 5.4. Now we can define an effective radiated power, with 
respect to an isotropic radiator (EIRP). as the product of the iransmitted power 
P, and the gain of the transmitting antenna G„ as follows: 

EIRP= (5.6) 



& 0 IS the antenna 
beamwidth 


“3 d6 from 
peak 


Transmitting 

antenna 


Peak output 
power point 
of EM field 


Antenna 

meinlobe 


Antenna 

sidelobes 


Figure 5.4 Antenna gain is the result of concentrating the isotropic RF 
flux. 
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Example 5.1 Effective Isotropic Rsidlaled Power 

Show that the same value of EIRP can be produced equally well by using a iransmiuer 
with /',= 100 W or with P, = 0.1 W, by employing the appropriate antenna in each case. 

Solution 

Figure 5.5a depicts a 100-W transmitter coupled to an isotropic antenna: the EIRP ^ 
PfG, -100xl=100W. Figure 5.5b depicts a 0.1-W transmitter coupled to an anlenna 
with gain C, = 1000: the EIRP = P,G, - 0.1 x 1000 - 100 W. If field-strengih meters 
were positioned, as shown, to measure the effective power, the measurements could 
not distinguish between the two cases. 


S3A,i Buck to the Range Equation 

For the more general case in which the transmitter has some antenna gain rel¬ 
ative to an isotropic antenna, we replace P, with EIRP in Equation (5.2) to yield 

P,= EIRP-%^ (5.7) 

4 ™- 

The relationship between antenna gain G and anlenna effective area ^4., is [4] 



(for » \’) 


(5.8) 


where K is the wavelength of the carrier. Wavelength K and frequency ] are recipro¬ 
cally related by X where c is the speed of light (=^3 x 10'^ m/s). Similar expres¬ 
sions apply for both the transmitting and receiving antennas. The redprodty 



Figure 5.5 The same value of 
EIRP produced two different ways. 
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theorem stales that for a given anienna and carrier wavclcnglh, the transmitting 
and receiving gains are identical [4]. 

The antenna field of view is a measure of the solid angle into which most of 
the field power is concentrated. Field of view is a measure of the directional prop¬ 
erties of the antenna; it is inversely related to antenna gain—high-gain antennas 
are commensurate with narrow fields of view. Instead of using the solid-angle field 
of view, we often deal with the planar angle heamyx’tdih measured in radians or 
degrees. Figure 5.4 pictures a directive antenna pattern and illustrates the common 
definition of the antenna beamwidth. The heamwidth is the angle that subtends the 
points at which the peak field power is reduced by 3 dB. How docs the antenna 
beamwidth vary with signal frequency? How does the beamwidth vary with 
antenna size? A.s can be seen from Equation (5.8), the anienna gain increases 
with decreased wavelength (increased frequency); anienna gain also increases with 
increased effective area. Increasing antenna gain is tantamount to focusing the flux 
density into a more restricted cone angle; hence, increasing either the signal 
frequency or the antenna size results in a narrower beamwidth. 

We can calculate the effective area of an isotropic antenna by setting (7 = 1 in 
Equation (5.8) and solving for as follows: 



(5.9) 


Then to find the power received, P,. when the receiving antenna is isotropic, we 
substitute Equation (5.9) into Equation (5.7) to get 


EIRP ^ EIRP 
' " (4W/\)“ “ L, 


(5.10) 


where the collection of terms (4'Trr//X)^ called the path loss or free-space loss, is des¬ 
ignated by L,. Notice that Equation (5.10) states thal the power received by an 
isotropic antenna is equal to the effective transmitted power, reduced only by the 
path loss. When the receiving antenna is not isotropic, replacing A^r in Equation 
(5.7) with 6VX"/4'T7 from Equation (5.8) yields the more general expression 


EIRP ax' _ ElRPq 

(47r</}‘ “ L, 


(5.11) 


where is the receiving antenna gain. Equation (5.11) can be termed the range 
equation. 


5.3.2 Received Signal Power as a Function of Frequency 


Since the transmitting antenna and the receiving antenna can each be expressed as 
a gain or an area, P, can be expressed four different ways: 



(5.12) 
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(5.13) 

p P,A„G, 

(5.14) 

II 

(5.15) 


In ihcsc equations, and are Ihe effective areas of the receiving and transmil- 
ling antennas, respectively. 

In Equations (5.12) to (5.15) the dependent variable is received signal power, 
and the independent variables involve parameters such as transmitted power, 
antenna gain, antenna area, wavelength, and range. Suppose that we ask the ques¬ 
tion: How docs received power vary as wavelength is decreased (or as frequency is 
increased), all other independent variables remaining constant? From Equations 
(5,12) and (5.14) it appears that and wavelength are not related at all. From 
Equation (5.13). P^ appears to be inversely proportional to wavelength squared, 
and from Equation (5.15). P, appears to be directly proportional to wavelength 
squared, Is there a paradox here? Of course there is not; Equations (5.12) to (5.15) 
seem to conllict only because antenna gain and antenna area are wavelength re¬ 
lated. as stated in Equation (5.8). When should one use each of the Equations 
(5-12) to (5.15) for determining P, as a function of wavelength? Consider a system 
that is already configured: that is. the antennas have already been built or their di- 
mension.s are fixed (4^ and A^, are fixed). ’Ilien Equation (5.13) is the appropriate 
choice for calculating the F, performance. Equation (5.13) slates that for fixed-size 
antennas, the received power increases as the wavelength is decreased. 

Consider the use of Equation (5.12). where G, and A^, arc independent vari¬ 
ables. We want O, and 4^ held fixed over the range of Pr versus wavelength cal¬ 
culations. What happens to the gain of a fixed-dimension transmitting antenna as 
the independent variable \ is decreased? C, increases [see Equation 5.8)]. But we 
cannot have C, increasing in Equation (5.12)—wc want G, held fixed. In other 
words, to ensure that C, remains fixed, wc would need to reduce the transmitting 
antenna si/c as wavelength decreases. It should be apparent that Equation (5.12) 
is the appropriate equation when starting with a fixed (ransmining antefwa gain 
(or bcamwidlh) requirement and the parameter A,, is not fixed. For similar 
reasons. Equation (5.14) is used when A„ and G, are fixed, and Equation (5.15) is 
used when both the transmitting and receiving antenna gains (or beamwidths) are 
fixed. 

Figure 5.6 illustrates a saiellite application where the downlink antenna beam 
is required to provide earth coverage (a beam width of approximately 17° from syn¬ 
chronous altitude). Since the satellite antenna gain G, must be fixed, the resulting 
Pr is independent of wavelength, as shown in Equation (5.12). If the transmission at 
some frequency /; (= c/\j) provides earth coverage, then a frequency change to / 2 , 
where fi > will result in reduced coverage (since for a given antenna, G, will 
increase): hence the antenna size must be reduced to maintain the required earth 
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Figure 5.6 Received power as a 
function of frequency. 


coverage or bcamwidth. Thus earlh coverage aniennas become smaller as the car* 
Her frequency is increased. 

5.3.3 Path Loss 1$ Frequency Dependent 

From Equation (5.10) it can be seen lhal path loss, is wavelength (frequency) 
dependent. The question is often asked: Why should path loss, which is just a geo¬ 
metric inverse-square loss, be a function of frequency? The answer is that path loss, 
as characterized in Equation (.5.10). is a defimtion predicated on the use of an 
isotropic receiving antenna (G^ = 1). Hence path loss is a convenient tool: it repre¬ 
sents a hypothetical received-power loss that would occur if the receiving anienna 
were isotropic. Figure 5.3 and Equation (5.1) have established that power density, 
p(d\ is a function of distance—a purely geometric consideration; p[d) is not a 
function of frequency. However, since path loss is predicated on G^ » 1, when we 
allempl to collect some P, with an isotropic antenna, the result is characterized by 
Equation (5.10). Again .let us emphasize that L. can be viewed as a convenient 
collection of terms that have been assigned the unfortunate name path loss. The 
name conjures up an image of a purely geometric effect and fails to emphasize the 
requirement that C, = 1. A better choice of a name would have been unity~gain 
propagation loss. In a radio communication system, path loss accounts for the 
largest loss in signal power. In satellite systems, the path loss for a C-band (6-GHz) 
link to a synchronous altitude satellite is typically 200 dB. 

Example 5«2 Antenna Design for Measuring Path Loss 

Design a hypothetical experiment to measure path loss at frequencies/i = 30 MHz 

and ,/2 = 60 MHz. when the distance between the Iransmiuer ajid receiver is 100 km. 

Find the effective area of the receiving antcDBa. and calculate the path loss in decibels 

for each case. 
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Solution 


Figure 5.7 iflusl rates I he two links for measuring at frequencies/i and / 2 . respec¬ 
tively. The power density, p(d). at each receiver is identical and equal to 

EIRP 
4ird" 

This reduction in power density is due only to the in verse-square law. The actual 
power received at each receiver is found by multiplying the power density p{(l) at the 
receiver by the effective area, of the collecting antenna, as shown in Equation 
(5.7). Since path loss is predicated on O, = 1. we compute the effective area at 
frequency/,, and at frequency using Equation (5.9): 

X- (c/ff 

Alt 4rr 
(3x ll)«/30x 
4Tr 

(3 X 10«/60 X 10**)^ -^2 
4it 

The path loss for each case in decibels is 



P{d) 


L,\ — 10 X lognj 



w. , / 47rX10^ 

^ X itf'/SOx lit 

102 dB 


j 



Figure 5.7 Path loss vereus frequency, Hypothetical experiment to measure path 
loss at two different frequencies. 
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z 


= 10 X log,,, (- 10 X kig,„ 


4it X 10^ 


X iff*/6o X icr 


= lOSdB 


5.3.4 Thermal Noise Power 

Thermal noise is caused by the thermal motion of electrons in all conductors. It is 
generated in the lossy coupling between an antenna and receiver and in the first 
stages of the receiver. The noise power spectral density is constant at all frequen¬ 
cies up to about 10’’ Hz, giving rise to the name w/tue /torse. The thermal noise 
process in communication receivers is modeled as an additive white Gaussian noise 
(AWGN) process, as described in Section 1.5.5. The physical model [5, 6) for 
thermal or Johnson noise is a noise generator with an open-circuit mean-square 
voltage of AKT'W3i. where 

K » Bodzmann's constant = 1.38 X 10'^ J/K or W/K-Hz 

= -228.6 dBW/K-Hz. 

'P = temperature, kelvin, 

W = bandwidth, hertz, 
and 


\9i * resistance, ohms. 

rhe maximum thermal noise power N lhai could be coupled from the noise 
generator into the front end of an amplifier is 

watts (5.16} 

Thus, the maximum single-sided noise power spectral density Nft (noise power in a 
1-Hz bandwidth), available at the amplifier input is 

A/o = ^ waUs/hertz (5.17) 

It might seem that the noise power should depend on the magnitude of the 
resistance—but it does not. Consider an intuitive argument to verify this. Electri¬ 
cally connect a large resistance to a small one. such that they form a closed path 
and such that their physical temperatures are the same. If noise power were a func¬ 
tion of resistance, there would be a net power flow from the large resistance to the 
small one; the large resistance would become cooler and the small one would 
become warmer, This violates our experience, not to mention the second law of 
thermodynamics. Therefore, the power delivered from the large resistance to the 
small one must be equal to the power it receives. 

The available power from a thermal noise source is dependent on the ambi¬ 
ent temperature of the source (the noise temperature), as is seen in Equation (5.16). 
This leads to the useful concept of an effective noise temperature for noise sources 
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in origin (e.g., galactic, atmospheric, interfering 
signals) that can be introduced into the receiving antenna. The effective noise 
temperature of such a noise source is defined as the temperature of a hypothetical 
thermal noise source that would give rise to an equivalent amount of interfering 
power. The subject of noise temperature is treated in greater detail in Section 5.5. 

Example 5J Maximum Available Noise Power 

Using a noise generator with mean-square voltage equal to demonstrate 

that the maximum amount of noise power that can be coupled from this source into an 
amplifier is N, ~kT W. 

Solution 

A theorem from network theory states that maximum power is delivered lo a load 
when the value of the load impedance is made equal to the complex conjugate of the 
generator impKidance [7]. In this case the generator impedance is a pure resistance, Jt; 
therefore, the condition for maximum power transfer is fulfilled when the input resis¬ 
tance of the amplifier equals Figure 5.8 illustrates such a network. The input ther¬ 
mal noise source is represented by an electrically equivalent model consisting of a 
noiseles s source resistor in series with an ideal voltage generator whose rms noise volt¬ 
age is V4 k 7^W.^. The input resistance of the amplifier is made equal to The noise 
voltage delivered to the amplifier input is just one-half (he generator voltage, follow¬ 
ing basic circuit principles. The noise power delivered to the amplifier input can ac¬ 
cordingly he expressed as 

(V4Hrw-M/2)' 4 k 

-S-45- 

* Krw 


Figure 5.8 Electrical model of max¬ 
imum available thermal noise power 
at amplifier input. 



5.4 LINK BUDGET ANALYSIS 

In evaluating system performance, the quantity of greatest interest is the signal-to- 
noise ratio (SNR) or £/,/%« since a major concern is the ability to detect signals in 
the presence of noise with an acceptable error probability. Since in the case of 
satellite communication systems, the most usual signal structure is a modulated car¬ 
rier with constant envelope, we can use average carrier poweMo-noise power (C/N) 
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ratio as the predetection SNR of interest. In fact, for constant-envelope signaling, 
the predetection SNR is often expressed by using any of the equivalent ratio terms 

P, S _C_ C 
N~ N~ N~Krw 

where P,. 5. C. and N are received power, signal power, carrier power, and noise 
power, respectively. And. k. 7^. and W are Boltzmann's constant, temperature in 
Kelvin, and bandwidth, respectively. Is P,/N or S/N actually the same as carrier-lo- 
noise (C/N) at all limes? No. the signal power and the carrier power are only the 
same for the case of constant envelope signaling (angle modulation). For example, 
consider a frequency modulated (FM) carrier wave expressed in terms of the mod¬ 
ulating message waveform nt(i) as 

s(/) = A cos(w,if + A / m(r) dt) 

where Af is a constant of the system. The average power in the modulating signal is 
in'il ). Increasing this modulating power only serves to increase the frequency devi¬ 
ation of i-(/). whjch_means that the carrier is spread over a wider spectrum, but its 
average power A -(f) remains equal to A^t2, regardless of the power in the modulat¬ 
ing signal. Thus, we can see that FM. which is an example of constant-envelope 
signaling, is characterized by the fact that the received signal power is the same as 
the carrier power. 

For linear modulation, such as amplitude modulation (AM), the power in the 
carrier is quite different than the power in the modulating signal. For example, 
consider an AM carrier wave in terms of the misdulating signal m{i): 


s{l) = [1 + m(f)] /lcosw,|f 
= ^ 


= ^[1 + + 2 m { 0 ] 


11 wc assume lhai m{i) has a zero mean, then the average carrier power can be 
wrillen as 



From the above expression, it should be clear that in this case the power in the 
carrier wave is not the same as the signal power. In summary, the parameters C/N 
and PJN are the same for constanl'envclope signaling (e.g., PSK or FSK) but are 
different for nonconstant-envclope signaling (e.g.. ASK, QAM). 

We obtain PJN by dividing Equation (5.11) by noise power N. as follows: 


P, EIRPC^N 


(5J8) 
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Equation (5.18) applies to any one-way RF link. With analog receivers, the 
noise bandwidth (generally referred to as the effective or equivalent noise band¬ 
width) seen by the demodulator is usually greater than the signal bandwidth, and 
P,/N is the main parameter for measuring signal detectability and performance 
quality. With digital receivers^ however, correlators or matched filters are usually 
implemented, and signal bandwidth is taken to be equal to noise bandwidth. 
Rather than consider input noise power, a common formulation for digital links is 
to replace noise power with noise power spectra! density. We can use Equation 
(5.17) to rewrite Equation (5.18) as 


p, EiRPQ/r 


(5,19) 


where the system effective temperature T is a function of the noise radiated into 
the antenna and the thermal noise generated within the first stages of the receiver. 
Note that the receiving antenna gain G, and system temperature 'P are grouped 
together. The grouping GriT is sometimes called the receiver figure-of^merii. TTie 
reason for treating these terms in ihis way is explained in Section 5.6.2, 

It is imporiani to emphasize that the effective temperature 7^ is a parameter 
that models the effect of various noise sources; the subject is treated in greater detail 
in Section 5.5. In F.quation (5.19) wc have introduced a term L„\q represent all other 
losses and degradation factors not specifically addre.sscd by the other terms of Equa¬ 
tion (5.18). The factor L„ allows for the large assorlment of different losses and noise 
sources cataloged earlier, Equation (5.19) summarizes the key parametersof any link 
analysis: the received signal power-to-noisc power spectral density the ef I ce¬ 

ll ve transmitted power (EIRP), ihe receiver figure-of-mcrit {G,iP), and the losses 
Lu). We arc developing a methodical way to keep track of the gains and losses in 
a communications link. By starting with some source of power we can compute, using 
Equation (5.19). the net SNR arriving at the ‘*face'’ of the detector (predeleclion 
point). We are working toward a ’‘bookkeeping" system, much like the type used in a 
business that earmarks assets and liabilities and tallies up the bottom-line of profit 
(or loss). Equation (5.19) takes on such an entrepreneurial appearance. All of the 
numerator parameters (effective radiated power, receiver flgure-of-merit) are like 
the assets of a business, and all the denominator parameters (thermal noise, space 
loss, other losses) arc like the liabilities of a business. 

Assuming that all the received power P, is in the modulating (information- 
bearing) signal, we now relate and SNR from Equation (3.30) and write 

No N\«/ 

No Nu\R/ 

and 


(5.20a) 

(5.20b) 




(5,20c) 
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where R is the bit rale. If some of the received power is carrier power (a signal- 
power loss), we can still employ Equation (5.20), except that the carrier power con¬ 
tributes to the loss factor, L^, in Equation (5.19). This fundamental relationship 
between and in Equation (5.20) will be required frequently in design¬ 

ing and evaluating systems. (Sec Chapter 9.) 


5,4,1 Two Et,/Nfi Values of Interest 

We have referred to £^//Vo as that value of bit energy per noise power spectral 
density required to yield a specified error probability. To facilitate calculating a 
margin or safely factor M, we need to differentiate between the required E^/N^q 
and the actual or received Ef^/N^. From this point on we will refer to the lormer as 
(£^,/N„),eqj and to the latter as (E^/A/o),. Figure 5.9 depicts an example with 
two operating points. The first is associated with » U)”'; let us call this operating 
point the system required error performance. Let us assume that an (£ij/A/())rcqj 
value of U) dB will yield this required performance. Do you suppose we would 
build this system so that the demodulator received this ID-dB value exactly? Of 
course not; we would specify and design the system to have a safety margin, so that 
the (£b/Nt>), actually received would be somewhat larger than the 
we might design the system to operate at the second operating point on Figure 5.9; 
here (Ef,/N^X = 12 dB and = 10'^ For this example we can describe the safely 
margin or link margin, as providing a iwo-order-of-niagniludc improved Pa, or as is 
more usual, we can describe the link margin in terms of providing 2 dB more E^/A/o 


Rh 



Et/Na (dB) 


(Eb/N(i)r 


Figure 5.9 Two Eq/I^ values o1 interest. 
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than is required. We can rewrite Equation {5.20c). introducing the link margin 
parameter M as 



M 





R 


(5-21) 


The difference in decibels between (E^/iVo), and {E^/Na),^^ yields the link margin: 


The parameter reflects the differences from one system design lu 

another; these might be due to differences in modulation or coding schemes. A 
larger than expected may he due to a suboplimal RF system, which 

manifests large liming errors or which allows more noise into the detection process 
than docs an ideal matched filler. 

Combining Equations (5.W) and (5.21) and solving for the link margin M 

yields 


EiRP cyr 

M „ ■ ■ (5.23) 

Equation (5.23), the link margin equation, contains all of the parameters con¬ 
tributing to the link’s error performance. Some of these parameters are defined with 
reference to particular locations. For example. is defined at the input to the re¬ 
ceiver. More precisely. It is defined at the input to the detector (prcdetcction point), 
where a demodulated waveform having a vollage amplitude proportional to received 
energy is the basis ofa symbol decision. Similarly, any parameter describing received 
energy or power, whether useful or degrading, is also defined with reference to thi.s 
predeleclion point. The receiver's figure-of-mcril Cy r is defined at the input to the 
receiving antenna, where G, is (he gain of (he receiving antenna, and P is the effec¬ 
tive system temperature. (See Section 5.5.5.) The effective radiated power EJRP is 
defined as the power associated with the electromagnetic wave at the output of the 
transmitting antenna. Each of these parameters. Cyr, and EIRP is defined 

with reference to a particular system location, and nowhere eise. 


5.4.2 Link Budgets Are Typically Calculated in Decibels 


Since link budget analysis is typically calculated in decibels, wc can express Equa¬ 
tion (3.23) as 


M(dB) = EIRP(dBW) + afdBi) - (dB) - /?(dB-bit/s) 

- Kr (dBW/Hz) - /., (dB) - tJdB) 


(5.24) 


Transmitted signal power EIRP is expressed in decibel-watts (dBW); noise 
power spectral density .V,, is in decibel-watts per hertz (dBW/Hz); antenna gain G, is 
in decibels referenced to isotropic gain (dBi):da(a rate /? is in decibels referenced to 
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1 hil/s (dB-bil/s); and all other terms are m decibels (dB). The numerical values of the 
Equation (5.24) parameters constitute the link budget, a uselul tool for allocating 
communications resources. In an effort to maintain a positive margin, we might trade 
off any parameter with any other parameter: we might chixisc to reduce transmitter 
power by giving up excess margin, or we might elect to increase the data rate by re¬ 
ducing (through the selection of improved modulation and coding). Any 

one of the Equation (5.24) decibels, regardless of the parameter from which it stems. 
IS just as good as any other decibel—a dB is a dB is a dB. The transmission system 
“docs not know and" does not care" where the decibels come from. As lung as the 
needed amount of E,./N„ arrives at the receiver, the desired system error perfor¬ 
mance can be met. Well, let us add two other conditions for aehievinga required error 


performance—synchronization must be maintained, and ISI distortion must he min¬ 
imized or equalized. One might ask. Since the system has no preference as to where 
the decibels of come from, how shall we priorilon/.e the search for an adequate 
number of decibels'.' The answer is. we should look for the most cost-effective deci¬ 
bels. This goal will steer us toward reading the next several chapters on error-correc¬ 
tion coding, since this discipline has historically provided a continual reduction in the 
cost of electronics to achieve error-performance improvements. 


5.4.3 How Much Link Margin Is Enough? 


The question of how much link margin should be designed into a system is asked 
frequently. The answer is that if all sources of gain. loss, and noise have been rigor¬ 
ously detailed (worst case), and if the link parameters with large variances (c.g.. 
fades due to weather) match the statistical requirements for link availability, very 
little additional margin is needed. The margin needed depends on how much confi¬ 
dence one has in each of the link budget entries. For systems employing new tech¬ 
nology or new operating frequencies, one needs more margin than foi systems that 
have been repeatedly built and tested. Sometimes the link budget provides an al¬ 
lowance for fades duo to weather directly, as a line item. Other times, however, the 
required value of margin relfecis the link requirements for a given rain degra¬ 
dation. For satellite communications at C-band (uplink at b CiHz. downlink at 
4 GHz), where the parameters are well known and fairly well behaved, it should be 
possible to design a system with only 1 dB of link margin. Receive-only television 
stations operating with l6-ft-diameter dishes at C-band are frequently designed 
with only a fraction of a decibel of margin. However, telephone communications 
via satellite using standards of W.y% availability require considerably more mar¬ 
gin; some of the INTELSAT systems have 4 to 5 dB of margin. When nominal 
rather than worst-case computations are performed, allowances are usually made 
for unit-to-unit equipment variations over the operating temperature range, line 
voltage variations, and mis.sion duration. Also, for space communications, there 


may be an allowance for errors in tracking a satellite’s location. 

Designs using higher frequencies (e.g., 14/12 GHz) generally call lor larger 
(weather) margins because atmospheric losses increase with trequency and are 
highly variable. It should be noted that a by-product of the attenuation due to atmos¬ 
pheric loss is greater antenna noise. With low-noise amplifiers, small weather 
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changes can result in increases of 40 to 50 K in antenna temperature. Table 5.1 repre¬ 
sents a link analysis proposed to the Federal Communications Commission (FCC) by 
Satellite Television Corporation for the Direct Broadcast Satellite (DBS) service. 
Notice that the downlink budget is tabulated for two alternative weather conditions: 
clear, and 5-dB loss due to rain. The signal loss due to atmospheric attenuation is only 
a small fraction of a decibel forclear weather and is Ihefull 5 dB during rain. The next 
item in the downlink tabulation, home receiver G/V. illustrates the additional degra¬ 
dation caused by the rain; additional thermal noise irradiates the receiving antenna, 
making the effective system noise lemperalure, T. increase, and the home receiver 
G/T^ decrease (from 9.4dB/K to8.1 dB/K). Therefore, when extra margin is allowed 
for weather loss, additional margin should simultaneously be added to compensate 
for the increase in system noise temperature. 

With regard to satellite links, in industry one often hears such expressions as 
•‘the link can be closed,” meaning that the margin, in decibels, has a positive value 
and the required error performance will be satisfied, or ‘nhe link cannot be closed,” 
meaning that the margin has a negative value and Ihe required error performance 
will not be satisfied. Even though the words -'the link closes” or ‘Uhe link does nol 
close” give the impression of an *'on-ofr condition, it is worth emphasizing that 
lack of link closure, or a negative margin, means that the error performance falls 
short of the system requirement; it does not necessarily mean that communications 
cease. For example, consider a system whose = 10 dB. as shown in Fig¬ 

ure 5M. hut whose {Ef,/N(i), = 8 dB. Assume lhal 8 dB corresponds to Pg = Ur-. 


TABLE 5.1 Proposed Direct Broadcasi Satellite (DBS) from Sateliite Television Corp. 


Uplink 

Uarth stiiuon EIRP 

86.6 dBW 


hrcc-space loss (17.6 GHz, 48*' cicvaiion) 

208.9 dB 


As<;umvU rum atti-nuaiion 

12.0 ilB 


Satellite O/T 

7,7ilB/K 


Uplink CVkT 

l02.0dB-Hz 



Atmospheric Condition 



5‘dB Rain 

OowTjlink 

Clear 

Attenualiun 

Satellite EIRP 

57.0 dBW 

57.0 dBW 

Free-ipoce loss (12..S GHz, 30' elevation) 

206.1 dB 

206.1 dB 

Atmosphenc attenuation 

014 dB 

5.(1 dB 

Homo receiver G/7^ (0.75 tn dish) 

9.4 dB/K 

8.1 dfi/K 

Receiver pointing loss (0.5 ’ error) 

0.6 dB 

0.6 dB 

Polarization mismatch loss (average) 

0.04 dB 

0.04 dB 

Downlink C/kT 

88.1 dB-Hz 

82.0 dB-Hz 

OveralJ CIk T 

87.9dB-Hz 

82.0 dB-Hz 

Overall C/N (in 16 MHz) 

15.9 dB 

10.0 dB 

Reference threshold C/N 

10.0 dB 

lO.OdB 

Margin over threshold 

5.9 dB 

0.0 dB 
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Percent earth visible 


Thus there is a margin of-2 dB. and a bit error probability of 10 times the specified 
error probability. The link may still be useful, though degraded. 

5.4.4 Link Availability 

Link availability is usually a measure of long-term link utility staled on an average 
annual basis; for a given geographical location, the link availability measures the 
percentage of lime the link can be closed. For example, for a particular link 
between Washington, D.C., and a satellite repeater, the long-term weather pattern 
may be such that a lO-dB weather margin is adequate for link closure 98% of the 
time; for 2% of the lime, heavy rains result in greater than 10 dB SNR degradatioir, 
so that the link does not close. Since the effect of rain on SNR degradation is a 
function of signal frequency, link availability and required margin must be exam¬ 
ined in the context of a particular transmission frequency. 

Figure 5.10 summarizes worldwide satellite link availability at a frequency of 
44 GHz. The plot illustrates percentage of the earth visible (the link closes, and a 
prescribed probability of error is met) as a function of margin for the case of three 
cquispaced geostationary satellites. A geostationary satellite is located in a circular 
orbit in the same plane as the earth's equatorial plane and at the synchronous 
altitude of 35,800 km. rhe saleilile's orbital period is identical with that of the 
earth's rotational period, and Ihercforc the satellite appears stationary when 
viewed from the earth. Figure 5.10 show.s a family of visibility curves with different 
required link availabilities, ranging from benign (95% availability) to fairly 
stringent (99% availability). In general, for a fixed link margin, visibility is 
inversely proportional to required availability, and for a fixed availability, visibility 
increases monotonically with margin (8). Figures 5.11 to 5.13 illustrate, by 



Margin (dB) 


Figure S.10 Earth coverage ver¬ 
sus link margin for various values 
of link availability. (Reprinted from 
L. M. Schwab. ‘World-Wide Link 
Availability for Geostationary and 
Critically Inclined Orbits Including 
Rain Effects.*’ Lincoln Laboratory. 
Rep. DCA-9. Jan. 27. 1981. Fig. 
14, p. 38. courtesy of Lincoln Labo¬ 
ratory.) 
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spaced geostationary satellites, 44 GHz. fink margin ^ 14 d6. (Reprinted from 
L. M. Schwab. "World-Wide Link Avail^ility for Geostationary and Critically In¬ 
clined Orbits Including Rain Effects," Uncofn Laboratory, Rep. DCA-9, Jan. 27, 
1981. Fig. 17, p, 42, courtesy of Liricoln Laboratory.) 
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Figure 5.12 Earth coverage (unshaded) tor 0.99 link availability for three egui- 
spaced geostationary satellites, f ^ 44 GHz, link margin = 10 dB. (Reprinted from 
L. M. Schwab, “World-Wide Link Availability for Geostationary and Criticatly In¬ 
clined Ofbrts Including Ram Effects." Lincoln Laboratory, Rep. DCA-9, Jan. 27, 
1981. Fig. 18. p. 43, courtesy of Lincoln Laboratory.) 
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spaced geostationary satellites. 44 GHz. link margin = 6 dB. (Reprinted from 
L M. Schwab, "World-Wide Link Availability for Geostationary and Critically In¬ 
clined Orbits Including Rain Effects." Lincoln Laboratory, Rep. DCA-9. Jan. 27. 
1981, Fig. 19, p. 44. courtesy of Lincoln Laboratory.) 



unshaded and shaded areas. Ihe parts of the earth from which the 44-GHz link can 
and cannot be closed 99% of the time for three different values of link margin. Fig¬ 
ure 5.11 illustrates the link coverage of such locations for a margin value of 14 dB. 
Notice that this figure can be used to pinpoint the regions of heaviest rainfall, such 
as Brazil and Indonesia. The figure reprc.sents the result of a link calculation per¬ 
formed in concert with a weather model of Ihe earth. 

In Figure 5.11 there are shaded strips on the east and west boundaries of each 
satellite’s field of view. Why do you suppose the link availability is not met in these 
regions? At the edge of the earth the propagation path between the satellite and 
ground is longer than the path directly beneath the satellite. Degradation occurs in 
three ways: (1) the longer path results in reduced power density at the receiving 
antenna; (2) the edge of coverage sites will experience reduced satellite antenna 
gain, unless the satellite antenna pattern is designed to be uniform over its entire 
field of view (typically the pattern is -3 dB at the beam edge compared to the peak 
gain at the beam center): and (3) propagation to the edge of the earth traverses a 
thicker atmospheric layer because of the oblique path and the earth's curvature. 
The third item is of prime imporfance at those signal frequencies that arc most 
attenuated by the atmosphere. Why do you suppose you do not see the .same 
shaded areas near the north and soulh poles in Figure 5.11 ? Snowlall does not have 
the same deleterious effect on signal propagation as d»>es rainfall; the phenomenon 
is known as the freeze effect. 

Figure 5.12 iliustrales the parts of the earth that can and cannot close the 
44-OH2 link 99% of the time with UFdB link margin. Notice that the shaded areas 
have grown considerably compared to the 14-dB margin case; now, the east coast 
of the United States, the Mediterranean, and most of Japan cannot close the link 
99% of the time. Figure 5.13 illustrates similar link performance for a margin of 
6 JB. Whereas Figure 5.11 could be used to l(K-atc the regions of greatest rainfall. 
Figure 5.13 can be used to locate the driest weather regions on the earth: such areas 
are seen to be the southwestern part of the United States. mo.st of Australia, the 
coast of Peru and Chile, and the Sahara desert in Africa. 


5.5 NOISE FIGURE, NOISE TEMPERATURE, 

AND SYSTEM TEMPERATURE 

5.5.1 Noise Figure 

Noise figure, F, relates the SNR at the input of a network lo Ihe SNR at the output 
of the network. Thus noise figure measures the SNR degradation caused by the 
network. Figure 5.14 illustrates such an example. Figure 5.14a depicts the SNR at 
an amplifier input (SNR),n as a function of frequency. At its peak, the signal is 40 
dB above the noise floor. Figure 5.14b depicts the SNR at the amplifier output 
(SNR)„^,. The amplifier gain has increased the signal by 20 dB; however, the ampli¬ 
fier has added its own additional noise. The output signal, at its peak, is only 30 dB 
above the noise floor. Since the SNR degradation from input to output is 10 dB, 
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Maximum value Maximum value 

of (SNR)rn =40 dB of (SNR)out = 30 dB 




Figure 5.14 Amplifier signal and noise levels as a function of frequency, 
(a) Amplifier input, (b) Amplifier output. 


this is tantamounl to describing the amplifier as having a 10*dB noise figure. Noise 
figure is a parameter that expresses the noisiness of a two-port network or device, 
such as an amplifier, compared with a reference noise source at the input port, It 
can be written as 


where 


and 


(SNR)„ ^ S./N, 

(SNRU, C5,/C(A/, + A/J 

5, = signal power at the amplifier input port, 
Ni = noise power at the amplifier input port. 

* amplifier noise referred to the input port, 

amplifier gain. 


(5.25) 


Figure 5.15 is an example illustraling Equation (5.25). Figure 5.15a represents 
a realizable amplifier example with a gain G = 1(X), and internal noise power = 
10 |xW. The source noise, external to the amplifier, is I p.W. In Figure 5.15b we 
assume that the amplifier is ideal, and we ascribe the noisiness of the real amplifier, 
from part (a) of the figure, to an external source N^i in series with the original 
source Ni. The value of is obtained by reducing N„ by the amplifier gain. As 
shown in Figure 5.15b. Equation (5.25) references all noise to the amplifier input, 
whether the noise is actually present at the input or is internal to the device. As can 
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(a) 



Figure 5.15 Example of noise treat¬ 
ment in amplifiers. 


be seen in Figure 5.15. the noise power output from the real amplifier is identical to 
that of its electrically equivalent model. 

Equation (5.25) reduces to 



N, + N,, 

(V. 




(5.26) 


Notice from Equation (5.26) that the noise figure expresses the noisiness of a net¬ 
work relative to an input source noise; noise figure is not an absolute measure of 
noise. An ideal amplifier or network, one that contributes no noise = 0). has a 
noise figure equal to unity (0 dB). 

For the concept of noise figure to have utility, we need to be able to make 
equitable comparisons among devices on the basis of Equation (5.26). Wc must, 
therefore, choose a value of N, as a reference. The noise figure of any device will 
then represent a measure of how much noisier the device is than the reference. In 
1944, Friis [9] suggested that noise figure be defined for a noise source at a 
reference temperature of T?, = 290 K. Tliat suggestion was subsequently adopted 
by the IEEE as part of its standard definition for noise figure [10], From Equation 
(5.17) we see that the maximum available noise power spectral density from any 
source resistance is established by specifying its temperature. The value of 290 K 
was selected as the reference because it is a reasonable approximation of the 
source temperature for many links. Also, with Tq chosen to be 290 K. the value of 
noise spectral density A/,, at Tf, results in an aesthetically pleasing number: 

)Vu = kT? = 1.38 X 10"“ X 290 = 4.00 X 10"“ W/Hz 


Or, expressed in decibels. 


No= -204dBW/Hz 
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Now that noise figure F has been defined with reference to a 290 K noise 
source, it is important to emphasize that the noise figure relationships in Equations 
(5.25) and (5.26) are only accurate when N, is a 290 K noise source. For those cases 
where /V, is other than 290 K, we mu.st rename fin Equations (5.25) and (5.26) to 
be termed operauonal noise figure f^^. The relationship between and F is 
shown later in Equation (5.48). 

5.5.2 Noise Temperature 

Rearranging Equation (5.26), we can write 

\ )K (5,27) 

From Equation (5.16) we can replace N, with and A'j, with kT%W, where 

Tl is the reference temperature of the source and is called the effective noise 
temperature of the receiver (or network). We can then write 

KnW = (f-l)K7T,W 


or 


n*(f- i)n 

Or, since Tl has been chosen to be 290 K. 

n * (f - 1 )290 K (5.28) 

Equation (5.26) uses the concept of noise figure to characterize the noisiness of an 
Hmplifier. Equation (5.28) represents an alternative but equivalent characterization 
known as effective noise temperature. Note that the noise figure is a measurement 
relative to a reference. However, noise temperature has no such constrain. 

We can think of available noise power spectral den.sity and effective noise 
temperature, in the context of Equation (5.17), as equivalent ways of characterizing 
uoise sources. Equation (5,28) tells us that the noisiness of an amplifier can be 
modeled as if it were caused by an additional noise source, as seen in Figure 5.15b. 
operating at some effective temperature called T%. For a purely resistive termina- 
lion. T% is never less than ambient temperature unless it is cooled. It is important 
to note that for reactive terminations, such as uncooled parametric amplifiers or 
other low-noise devices, T% can be much less than 290 K, even though the ambient 
temperature is higher [11). For the output of an amplifier as a function of its effec¬ 
tive temperature, we can use Equations (5.16). (5.25), and (5.28) to write 

N^, = GN,+ CN„, (5,29a) 

- CKr;iV+ CkT^VV = Gk[T^ + 7^) W (5.29b) 

= GkT;W + (f - 1 )Ck7^ W (5.29c) 

where Tg is the temperature of the source, and is 290 K. 
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5.5.3 Line Loss 


The difference between amplifier networks and lossy line networks can be viewed 
in the context of the degradation mechanisms loss and noise, described earlier. 
Noisy networks in Sections 5.5.1 and 5.5.2 were discussed with amplifiers in mind. 
We saw that SNR degradation resulted from injecting additional (amplifier) noise 
into the link, as shown in Figure 5.15. However, in the case of a lossy line, we shall 
show that the SNR degradation results from the signal being attenuated while the 
noise remains fixed (for the case where the line temperature is equal to or less than 
the source temperature). The degradation effect will nonetheless be measured as 
an increase in noise figure or effective noise temperature. 

Consider the lossy line or network shown in Figure 5.16. Assume the line is 
matched with its characteristic impedance at the source and at the load. We shall 
define power loss as 



input power 
output power 


Then, the network gain G equals VL (less than unity for a lossy line). Let all com¬ 
ponents be at temperature Tg. The total output noise power flowing from the net¬ 
work into the load is 


Noui = Kr;w 

since the network output appears as a pure resistance at the temperature T'^. The 
total power flowing from the load back into the network must also equal to en¬ 
sure thermal equilibrium. Recall that available noise power kT^W is dependent 
only on temperature, bandwidth, and impedance matching: it is not dependent on 
the resistance value. /V^ut can be considered to be made up of two components. 
and GNi„ such that 

* kt; W = N,, + CNu 

where 


= Ck77 W 


(5.31) 


Lossy network 


Source 

Temperature Tg 
GalnG= 1/L 

L ~ power loss 
factor 

I Output I Load 

= kT°gW 

—^GNti = *'f-G)kT}W 

+ [ Noux = kT}W 

^Ngo = GkTiW ] 

_ ' 

> _ 


-- V 
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Figure 5.16 Lossy line: impedance matched and temperature matched 
at both ends. 
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is the component of output noise power due to the source and is the compo¬ 
nent of output noise power due to the lossy network, where is the network 
noise relative to its input. Combining Equations (5.30) and (5.31), we can write 

kT,W = GkT^W + GN,. (5.32) 

then, solving for N, ^ yields 

Nu = = kTJW (5.33) 

Therefore, the effective noise temperature of the line is 

n = ^ 7? (5.34) 

and since G = \/L. 

n^iL- \ )T; (5.35) 

Choosing Tg = 29() K as the reference temperature, we can write 

Tt^iL- \)2%K (5.36) 

Using Equations (5.28) and (5.36). the noise fif^nre for a hsay line can be ex¬ 
pressed as 




(5.37) 


When the network is a lossy line, such that f = /. and G^HL, then tn Equa¬ 
tion (5.29c) takes the following lorm: 

Kr;w / |\ 

Note that some authors use the parameter L to mean the reciprocal of the loss 
factor defined here. In such cases, noise figure f = l/L. 


Example 5.4 Lossy Line 

A line at temperature TJ - 290 K is fed from a source whose noise temperature is 
77 * 1450 K. The input signal power 5, is 100 picowafts (pW) and the signal bandwidth 
tv is I GHz. The fine has a loss factor Z. -2. Calculate the (SNR),n, the cffeclive line 
temperature Tl. the output signal power and I he (SNR)„y,. 

Solmion 


kT^W 

^ 1.38 X 10 “^ W/K-Hz X 1450 K X 10^ Hz 
= 2 X 10 ” W = 20pW 


(SNR)i, = 


100 pW 
20 pW 


5(7 dB) 
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71 ^ (L- })290K=290K 



100 pW 

—^ * 50rw 


Using Equation (5.39). wc ohiain 


^ca. - 


kT^W 

L 

2 X 10’" 




w + |{4 X 10 '^1 W = 12 pW 


anci 


50 pW 


4.17(6.2 dB) 


S.5.4 Composite Noise Figure and Composite 
Noise Temperature 


When iwo networks are connected in series, as shown in Figure 5.17a. their 
composite noise figure can be written as 


F 

' comp 



(5.39) 


where Gi is the gain associated with network I. When n networks are connected in 
scries the relationship between stages expressed in Equation (5.39) continues, so 
that the composite noise figure for a sequence of n stages is written as 




G. C,Ci 


+ 


1 


G.C. 




(5.40) 


Can you guess from Equation (5.40) what the design goals for the front end of the 
receiver (especially the first stage or the first couple of stages) should be? At the 
front end of the receiver, the signal is most susceptible to added noise: therefore, 
the first stage should bave as low a noise figure F\ as possible. Also, because the 
noise figure of each subsequent stage is reduced by the gains of the prior stages, it 
behooves us to strive for as high a gain G, as possible. Simultaneously achieving 
the lowest and the highest G| represents conflicting goals; therefore, compro¬ 
mises are always necessary. 

Equations (5.40) and (5.28) can be combined to express the composite effec¬ 
tive noise temperature of a sequence of n stages: 


Network 1 Network 2 



(a) 



Figure 5.17 Networks connected In 
series. 
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(5.41) 


7 ^ 


7^ — 7^ + •- 4. - 

^ comn ~ y-* ~ ^ 

Oi OjO: 


-h 


+ 




Figure 5.17b illustrates a feed line in series with an amplifier; this is a typical 
arrangement following a receiving antenna. Using Equation (5.39) to find Fcomp 
such a lossy line and amplifier arrangement, we can write 


= L^UF- \ )^LF (5.42) 

since the noise figure of the lossy line is L and the gain of the line is 1/L. By 
analogy with Equation (5.36). we can write the composite lemperature as 

n^^(LF- l)290K (5.43) 

We can also write the composite temperature of line and amplifier as follows: 

1 + E)29<)K 

= [{L -1)4- L{F - 1)]29() K (5.44) 

= 4 LTg 


5»5.4.1 Comparison of Noise Figure and Noise Temperature 

Since noise figure Fand effeclive noise temperature 7^ characlerize the noise 
performance of devices, some engineers feel compelled to select one of these 
measures as the more useful. However, they each have their place. For terrestrial 
applications, F is almost universally used; the concept of SNR degradation for a 
290 K source temperature makes sense, because terrestrial source temperatures arc 
typically close to 290 K. Terrestrial noise figure values typically fall in the 
convenient range 1 to 10 dB. 

For .space applications. T' is the more common figure of merit. The range of 
values for commercial systems is typically between 30 and 150 K. giving adequate 
resolution for comparing performance between systems. A disadvantage of using 
noise figures for such low*noise network.s is that the values obtained are all close to 
unity (0.5 to 1.5 dB), which makes it difficult to compare devices. For low^noise 
applications, F (in decibels) would need to be expressed to iw'o decimal places to 
provide the same resolution or precision as docs 7^. For space applications, a 
reference lemperature of 290 K is not as appropriate as it is for terrestrial applica* 
lions. When using effeclive temperature, no reference temperature (other than 
absolute zero K) is needed for judging degradation. The effeclive input noise 
temperature is simply compared to the effeclive source noise temperature. In 
general, applications involving very low noise devices seem to favor the effeclive 
temperature measure over the noise figure. 

S.5.5 System Effective Temperature 

Figure 5.1 S represents a simplified schematic of a receiving system, identifying 
those areas—the antenna, the line, and the preamplifier—that play a primary role 
in SNR degradation. We have already discussed the degradation role of the pream* 
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Antenna 



Figure 5.16 MafOr noise contribu¬ 
tors of 3 receiving system. 


plifier—additional noise is injected into the link. And we have discussed line loss— 
the signal is attenuated, while the noise is held fixed (for the case where the line 
temperature is less than or equal to the source lempcralure). The remaining source 
of degradation stems from both natural and man-made sources of noise and inter¬ 
ference that enter the receiving antenna. Natural sources include lightning, celestial 
radio sources, atmospheric sources, and thermal radiation from the ground and 
other physical structures. Man-made noise includes radiation from automobile igni¬ 
tion systems and any other electrical machinery, and radio transmissions from 
other users that fall within the receiver bandwidth. The total noise contributed by 
these external sources can be characterized by kTir^^W, where is known as the 
anrenna temperature. An antenna is like a lens, its noise contributions arc dictated 
by what the antenna is 'looking at.'* If an antenna is pointed at a cool portion of 
the sky. very little thermal noise is introduced. The antenna temperature is a mea¬ 
sure of the effective temperature integrated over the entire antenna pattern. 

We now find system temperature T} by adding together all the system noise 
contributors (in terms of effective temperature). The summation is expressed as 

n * Ti -F (5.45) 

where is the antenna temperature and is the composite temperature of 

the line and the preamplifier. Equation (5.45) illustrates the two primary sources of 
noise and interference degradation at a receiver. One source, characterized by 
represents degradation from the ‘•outside world" arriving via the antenna. The sec¬ 
ond source, characterized by is thermal noise caused by the motion of elec¬ 

trons in all conductors. Since the system temperature T? is a new composite, made 
up of rS and the composite effective temperature of the line and preamp, one 
might ask: Why doesn’t Equation (5.45) appear to have the same sequential gain 
reduction factors as those in Equation (5.41)? We have assumed that the antenna 
has no dissipative parts; its gain, unlike an amplifier or attenuator, can be thought 
of as a processing gain. Whatever effective temperature is introduced at the an¬ 
tenna comes through, unaltered by the antenna; the antenna represents the source 
noise, or source temperature, at the input to the line. 
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(5.46) 


Using Equation (5.44). we can modify* Equation (5.45) as foUows: 

T? ^Tx-^n^ LT% 

^TX + (L- \ )290 K + L(f - 1 )29() K 

= 7^+ (LF- 1)290 K (5.47) 

If LF is provided in units of decibels* we must first convert LFXo a ratio, so that T 
takes the form 

7s - 1)290 K 

Equations (5.45) through (5.47) describe the system temperature Ty at the re¬ 
ceiving antenna terminals, and Equations (5.t0) and (5.11) describe the power re¬ 
ceived Pr at the receiving antenna. These are the definitions used throughout this 
chapter and preferred by system designers, antenna designers, and those working 
at the transmitter side of the link. It is important to note that there is another set of 
definitions used by receiver designers who prefer to describe the system tempera¬ 
ture Ts and received power P/ at the input lo the receiver. Assuming that the an¬ 
tenna and receiver are connected via nothing more elaborate than a lossy line, then 
Ts and Ts (also P^ and P/) arc related by the line doss faclor L. That is, Ty = 
and Pr - Z.P/. When computing the received SNR (defined in ihc next section) by 
using receiver-reference definitions for power received and system temperature, 
there is no difference in the result compared lo using the original definitions be¬ 
cause the faclor L appears in both the numerator and denominator of the SNR, 
and hence cancels out. 

Example 5.5 NoIm.* Figure and Noise Temperature 

A receiver front end. shown in Figure 5.19a, has a noise figure of 10 dB, a gain of 
HU dB. and a bandwidth of 6 MHz. The input signal power, 5,, is 10“” W, Assume ihal 
the line is lossless and the antenna temperature is J50 K. Find 7)^, H, (SNR)jn. 
and (SNR),^,. 

Soliiuon 

First convert all decibel values lo ratios; 

Tl = {F - 1)290K = 2610K 
Using Equation (5.46) with Z. = 1 for a lossless line yields 

7y == + 7? « 150 K + 2610 K = 2760 K 

/V„„, = CkT^^W + Ck7>IV * CkT^W 
= 10" X 1.38 X 10 “ X 6 X lO^dSO K + 2610 K) 

- 1.2(aW + 21.6M.W =22ilM.W 

source front-end 
contribution contribution 

5 10’” 
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Predetectlon 

output 


n 

Si 


= 150 K 
= 10 -” 


w 


V 


Receiver front end 

F= 10 dB 
O ^ 80 dB 
= 6 MHz 


Assume no line toss 



rjf = i50K 


Preamplifier 

Receiver 



Fi s 3 dB 

Gi s 13 dB 
IV « 6 MHz 


F2s 10 dB 
G2 « so dB 
W 3 6 MHz 

Predetection 



° output 


Assume no line loss 
(b) 


Figure S.19 Improving a receiver Iront end with a low-noise 
preamplifier. 


(SNR).« 



10*^ X 10 " 
22.8 X 


43.9(16.4 dB) 


Notice in this example that the ampliner noise is signillcantly larger than the source 
noise and represents the maior caasc of SNR degradation. 


Example 5.6 Improving SNR with ti Low^Noisc Preampliner 

Use a preamplifier, as shown in Figure 5.19b, with a noise figure of 3 dB. a gain of 13 
dB. and a bandwidth of 6 MHz to improve the SNR of the receiver in Example 5.5. 
Find 7 for the composite preamplifier and receiver. Find TJ. 

(SNR)„u,. Assume zero line loss. 

Sohiiion 

Again, convert all decibel values la ratios before proceeding: 


rs,= (F, - 1)290 K = 290K 
{h - 1)290 K * 2610 K 

= 7^, + ^ = 290 K 4- = 420.5 K 

T^ = T%+ 7^p = 150 K 4 420.5 K = 570.5 K 

= 7, + = 2 + ^ = 2.5 (4 dB) 
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.V„„, = CkT-^W f GKr„^W = GKTiW 

^ 20 X 10^ X 1.38 X 10 ^ X h X l(r(150K + 420.5 K) 
= 24,8 (xW + 6‘).6 jiW ^ ^,4 jiW 

source front-end 

contribution contribution 


(SNR)„„, 


■S„„ _ 10 '‘ X 20 X Itf’ 
/V™, ’ 94,4 X 10 " 


212.0 (23.3 ilB) 


With the added preamplifier the (predetection) output noise has increased (from 22.8 
p.W in Example 5.5) to 94.4 p.W. Even though the noise power has increased, the 
lower system temperature has resulted in a 6.‘/-dB improvement in SNR (from 16,4 dB 
in Example 5.5, to 23.3 dB here). The price wc pay for this improvement is the need lo 
provide an improvcmcni of 6 dB (from U) dB in Example 5.5, to 4 dB in this 
example). 


The unwanted noise is, in part, injected via the antenna (kT^W^), and in 
part, generated infernally in the receiver front end (Kr[,;„npH^). The amount of 
system improvement that can be rendered via front-end design depends on what 
portion of the total noise the front end contributes. We saw in Example 5.5 that the 
front end contributed the major piirtion of the noise. Therefore, in Example 5.6, 
providing a low-noise preamplifier improved the system SNR significantly. In the 
next example, we show the case where the major fnirtion of the noise is injected via 
the antenna; we shall sec lhal introducing a low-noise preamplifier in such a case 
will not help the SNR appreciably. 

Example 5.7 Attempting SNR Improtemenl When the Value uf T \ Is Large 

Repeal Examples 5.5 and 5.6 with one change: let 7^ * 8000 K. In oilier word*^. I he 
preponderant amount of noise is being injected via Ihe antenna; the antenna might 
have a very hot body (the sun) fully occupying ib field of view. Calculate the SNR 
improvement that would be provided by the preamplifier used in Example 5.6 and 
Figure 5.i9b, and compare the result with lhal of Example 5.6. 

Solution 

With our preamplifier 

* okwits + m 

- 10^ X 1.38 X 10 X ft X l(r(8000 K i 2610 K) 

^ 06.2 mW -I- 21.6 ^lW - 87.8 p.W 


source 

contribution 


front-end 

amiributiun 


(SNR) 

With preamplifier 




itf* X 10 " 


ual 


Vnoi 87.8 X 10 ^ 


= 11.4(10.6 dB) 


= 20 X 10^ X 1.38 X 10*^ X 6 X itf’fSOUOK ^ 420.5 K) 
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= 1324.8 *iW + 6^.6 jaW 394.4 m-W 


source front-end 

contribution conlribuiion 


(SNRU 


20 X 1(y^ X 10 " 
1.39 X 10 ' 


14.4 (11.6 dB) 


Therefore, for this case, the SNR iraprovemeni is only 1 dB. a far cry from the 6.9 dB 
accomplished earlier. When the noise is mosily due to devices within the rec'eiver, it is 
pc)ssihle to improve the SNR by introducing low-noise devices. However, when the 
noise is mostly due to external causes, improving the receiver front end will not help 
much. 


Noise figure is a definition, predicated on a reference temperature of 290 K. 
When the source temperature is other than 290 K. as is the case in Examples 
5.6. and 5.7. it is necessary to define an operatUmul or effective noise figure that 
describes the actual (SNR),^ versus (SNR)^u, relationship. Starting with Equations 
(5.25) and (5.27). the operational noise figure can be found as follows: 

S,/kT^W 

GS,/G(kT^W ^ N„) 

_ ^ (F- l)fcr.,W ^5 

kT,W kT^W 

T„ 

= l+ i^{F- ]) 

•A 

5.5.6 Sky Noise Temperature 

The receiving antenna collects random noise emissions from galactic, solar, and 
terrestrial sources, constituting the sky background noise, The sky background 
appears as a combination of galactic effects that decrease with frequency, and at* 
mospheric effects that start becoming significant at 10 GHz and increase with 
frequency. Figure 5.21) iHustrates the sky temperature, as measured from the earth, 
due to both these effects. Notice that there is a region, between 1 and 10 GHz, 
where the temperature is lowest; the galaxy noise has bectime quite small at 1 GHz, 
and for satellite communications the blackbody radiation noise due to the 
absorbing atmosphere is not significant below 10 GHz. {For other applications, 
e.g., passive radiometry. it is still a problem.) This region, known as the microwave 
window or space window, is particularly useful for satellite or dcep-space commu¬ 
nication. The low sky noise is the principal reason that such systems primarily use 
carrier frequencies in this part of the spectrum. The galaxy and atmospheric noise 
curves in Figure 5.20 are made up of a family of curves each at a different elevation 
angle 0. When 0 is zero, the receiving antenna points at the horizon and the propa¬ 
gation path encompasses the longest possible atmospheric layer; when 0 is the 
receiving antenna points to the zenith, and the resulting propagation path contains 
the shortest possible atmospheric layer. Thus the upper curve of the family repre- 
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senls ihe ne;ir worst-case (cicar-wcather) sky noise temperature versus frequency, 
and the lower curve represents the most benign case. Also shown in Figure 5.20 is u 
plot of noise temperature versus frequency due to rain. Since the intensity of any 
rainstorm can only be expressed statistically, the noise temperatures shown are val- 
ues that are exceeded 25% oflhe time (at the zenith). Which spectral region ap¬ 
pears the most benign for space communications when rainfall is taken into 
account? It is the region at the low end of the space window. For this reason, sys¬ 
tems such as the Space Ground Link Subsystem or SGLS (military) and the Uni¬ 
fied S-Band Telemetry, Tracking, and Control System (NASA) are located in the 
1.8 to 2.4-GHz band. 

5»5.6.1 Radio (Vfaps of the Sky 

Various researchers have mapped the galactic noise radiation as a function of 
frequency. Figure 5.21 is such a radio temperature map. after Ko and Kraus [12], 
indicating the temperature contours of the sky in the region of 250 MHz when 
viewed from the earth. In general, the sky is composed of localized galactic sources 
(sun, moon, planets, etc.), each having its own temperature. The map is effectively 
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Figure 5.22 Radio map of the sky background at 600 MHz. (Reprinted with per¬ 
mission from J. H. Piddington and G. H. Trent. “A Survey of Cosmic Radio Emis¬ 
sion at 600 Mc/s: Aust J. Phys..w\. 9. Dec. 1956, Fig. 1, pp. 483-486.) 












a weighted .sum of the individual galactic source temperatures plus a constant sky 
background. The coordinates of the map. lieclmaiion and right ascension, can be 
lh<iught of as celestial latitude and longitude with an earth reference (right ascen¬ 
sion is calibrated in units of hour-angle, where 24 hours corresponds to a curaplelc 
rotation of the earth). On Figure 5.21, the temperature contours range from a low 
of 90 K to a high of 1(XK)K. The measurements were made so as to exclude the sun 
(night sky). The antenna beam in the center of the map indicates the size of the sky 
area over which measurements are made (each measurement is an average over 
that beam area). The narrower the beam, the finer the restilulion of the tempera¬ 
ture contours: the wider the beam, the coarser the resolution. 

Figure 5.22 is another such radio map at 6(X) MHz, after Piddington and Trent 
[l.*^]. At this frequency the galaxy noise is reduced compared to Figure 5.21. as pre¬ 
dicted in Figure 5.20; the low is K K and the high is 280 K. !f you examine Figures 
5.2\ and 5,22 for the region of greatest noise radiation, where on the map do you 
see the most activity, and what is its significance? It is seen as an elongated region 
in the right-hand midseciion of each map; the longitudinal axis of the elongation 
designates the location of our galactic plane, where such cosmic noise radiation is 
most intense. 


5.6 SAMPLE LINK ANALYSIS 

In Section 5.4 we developed the basic link parameter relationships. In this section 
we use these relationships to calculate a sample link budget, as shown in Table 5.2. 
The table may appear u> house a formidable listing of terms: one can gci the false 
impression that the link budget represents a complex compilation. Just the oppo¬ 
site is true, and we introduce Figure 5.23 to underscore this assertion. In this figure 
we have reduced the set of line items from Table 5.2 to a few key parameters. The 
goal of a link analysis is to determine whether or not the required error perfor¬ 
mance is met, by examining the Wn actually received and comparing it with the 
required to meet the system specification. The principal items needed for 
this determination are the EIRP (how much effective power is transmitted), the 
G/T^ figure of mefit (how' much capability the receiver has for collecting this 
power), L, (the largest single loss, the space loss), and L„ (other contributing losses 
and degradations). That is <f//there is to it! 

S.6.1 Link Budget Details 

The link budget example in Table 5.2 consists of three columns of numbers. Only 
the middle column represents the link budget. The other columns consist of ancil¬ 
lary information, such as antenna beamw idth. or compulations to support the main 
tabulation. Losses are bracketed in the usual bookkeeping way. If a value is nut 
bracketed, it represents a gain. SubloiaLs are shown enclosed in a box. Starting 
from the lop of the middle column, we algebraically sum all of the gains and losses. 
The final link margin result is shown in a double box in item 21. The compulations 
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TABLE 5.2 Earth Terminal to Satellite Link Budget Example: Frequency = 8 GHz, Range = 21,915 
Nautical Miles. 


1. Transmitter power (dBW) 

(lOO.OOW) 

20.0 

P, 

2. Transmitter circuit loss (dB) 


(2.0) 

L„ 

3. Tramsmitler antenna gain (peak dBi) 

Dish diameter (ft) 

Half-power heamwidth (degrees) 

20.00 

0.45 

51.6 

c, 

4. Terminal EIRP (dBW) 


69.6 

EIRP 

5, Path loss (dB) 

{\(P elcv.) 

(202.7) 

L, 

6, Fade allowance (dB) 


<4,0> 

L„ 

7, Other losses (dB) 


(6.0) 



8. Received isotropic power (<JBW) 

9. Receiver antenna gain (peak dBi) 

Dish diameter (ft) 

Half-power beamwidih (degrees) 

10. Edgc-of-covcrage loss (dB) 

11. Received signal power (dBW) 

Receiver noise figure at antenna port (dB) 
Receiver temperature (dB-K) 

Receiver antenna temperature (dB*K) 

11 System temperature (dD*K) 

13. System G/r (dB/K) 

14. Boltzmann's constant (dBW/K-H?) 

15. Noise spectral density (dBW/Hz) 

16. Received PrIK (dB-Hz) 

17. Data rate (dB-bil/s) 

18. Received (dB) 

19. Implementation loss (dB) 

20. Required (dB) 

21. Margin (dB) 


(2 Mbtts/s) 


-143.1 

35-1 


<2.0) 

- 110.01 


(-192.5) 

82.5 

(63.0) 

Tn 

(1.5) 

( 10 . 0 ) 


Lo 

Pr 

11.5 

35.8 (3806 K) 

24.8 (300 K) 

36.1 (4106 K) 
G/r 
-228.60 

{PrfK)r 

R 

(f./Nn), 

Lo 

{Ef,/No)ttnd 


Figure 5.23 Key parameters of a 
link analysis. 
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are performed as in Equation (5.24), which is repealed here, with the exception 
that the terms G^and T are grouped together at G,/F instead of being listed sepa¬ 
rately: 

/V/(dB) = ElRP{dBW) + -^(dB/K) - ( ^ ) (dB) - «(dB-bits/s) 

/ V /V(, / 

- K(dBW/K-Hz) - i.,{dB) - LJdB) 
Let us examine the 21 line items listed in Table 5.2. 


1. I ransmilter power is l(K) W (20 dBW). 

2. Circuit loss between the transmitter and antenna is 2 dB. 

3. rransmitting antenna gain is 51,6 dBi. 

4. The net tally of items 1 to 3 yields the EIRP = 69.6 dBW. 

5. The path loss has been calculated for the range shown in the table title, 
corresponding to a 10" elevation angle at the earth terminal. 

6 and 7. Here are allowances made for weather fades and a variety of other, 
unspecified losses. 

8. Received isotropic power refers to the power that would he received, -14.3.1 
dBW, if the receiving antenna were isotropic. 

9, The peak gain of the receiving antenna is 35.1 dBi. 

10. Edge-of-coverage loss i.s due to the off-axis antenna gain (compared to peak 
gain) and to the increased range for users at the extreme edge of communica¬ 
tion coverage (a nominnl 2-dB loss is .shown here.) 

11. The input power to the receiver, tallied from items 8,9, and 10, is -110 dBW. 

12. System temperature is found using Equation (5.46). However, in this example 
we are assuming a lossless line from the receiver antenna to the front end, so 
that the line loss factor L is equal to 1. and system temperature is computed 
in column 3. as TJ » 

13. We form the receiver figure-of-meril ratio C/P by combining the gain of the 
receiver antenna G, (see item 9) with system temperature Ts- This ratio is 
placed in the left column as a parameter of interest, rather than in the middle 
column. This is because G^is accounted for in link budget ilem 9, and is ac¬ 
counted for in ilem 15. If G/T were to be placed in the center column, it 
would represent a double tabulation, 

14. Boltzmann's constant is -228.6 dBW/K-Hz. 

15. Boltzmann's constant in decibels (item 14). plus system temperature in deci¬ 
bels (ilem 12). yields noise power spectral density. 

16. Finally, we can form the received signal-to-noise spectral density. 82.5 dB-Hz. 
by subtracting noise spectral density in decibels (item 15), from received 
signal power in decibels (item 11), 

17. The data rate is listed in dB-bit/s. 
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18* Since £^W|, = (I/^) {PJN^). we need lo subtraci R in decibels (item 17). from 
PJNu in decibels (item 16). yielding 19.5 dB. 

19, An implementation loss, here taken lo be 1.5 dB. accounts for the difference 
between theoretically predicied detection performance, and the performance 
of the actual detector. 

20. This is our required E^JN^. a result of the modulation and coding chosen, and 
the probability of error specified. 

2L The difference between the received and the required in decibels 

(taking implcnicntalion loss into account), yields the final margin. 

The gain or loss items shown in a link budget, generally follow' the convention 
of first presenting an ideal or simplistic result, followed by a gain or loss term that 
modifies the simplistic yielding an at tuu! result. In other words, the link budget typ¬ 
ically follows a modular approach lo partitioning the gains and losses in a way that 
easily adapts to the needs of any system. Consider the following examples of this 
format. In Table 5.2, item I gives ihe iransniiller power that would be launched 
(rom a transmitter with an isotropic traasmilting antenna (the simplistic). How¬ 
ever, only after applying the modules of circuit loss and iransmilter'antcnna gain 
do we see, in item 4. the FJRP (actually) launched. Similarly, item 8 shows the 
power received by an isotropic antenna (the simplistic). However, only after apply¬ 
ing the modules of receiver-antenna gain and edge-of-coverage loss do we sec, in 
item U. the (actually) received signal power. 

5.6.2 Receiver Figure of Merit 


An explanation of why receiving antenna gain and system temperature are often 
grouped together as G/V. i.s as follows. In the early days of satellite communica¬ 
tions development, the G, and the 7';* wore specified separately. A contractor who 
agreed to meet these specifications would need to allow himself some safety mar¬ 
gin lor meeting each spcciMcation. Even though the u.scr was generally only inter¬ 
ested in the “bullom-tinc'' performance, and not in the explicit value of G^ or Tv. 
the contractor would no; be able to exploit potential trade-offs. The net result was 
an overspecified (more costly) system than was necessary. Recognition of such 
overspcciticalion resulted in specifying the antenna and receiver front end as a sin¬ 
gle figure-of-merit parameter G/T (sometimes called the receiver scmitivit\). such 
that cost-cffcclive trade-offs between the antenna design and the receiver design 
might be employed. 

5.6.3 Received Isotropic Power 

Another recognized area of overspecificalion in receiver design is in the separate 
specification of the required (or EJN^ ) and receiver G/T. If PJNu and G/T 
are specified separately, the system contractor is forced to meet each value. The 
contractor will plan for a margin in both places. As in the G/T case of the preced¬ 
ing section, there are advantages in specifying PJNq and G/T as one parameter: 
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this new parameter, called the received isotropic power (RJP), can be written as 
follows: 


RIP (dBW) = ^ (dB-Hz) - ^ (dB/K) + k {dBW/K-Hz) (5.49) 
/Vo i 

Or, in terms of ratios, it also can be written as 


RIP = 


Kr-* 




(5.50) 


It is important to note that P,/No refers to the predeteclion signal-to-npise 
spectral density ratio (SNR) required for a particular error probability when using 
a particular modulation scheme (it usually includes an allowance for detector 
implementation lossea). Let us designate the theoretically required SNR to yield a 
particular as (P^/A/o>,h rn* therefore write 


N, 



{5..S1) 


where L!. is called the implemeniaiion loss and accounts for the hardware and 
operational losses in the detection process. Combining Equations (5.50) and (5.51), 
we can write 


RIP* t;, 


(Jj.] 

\ kP® / ih.fq Or 


(5.52) 


Specifying the RIP required to meet the system error performance allows the con¬ 
tractor to commit to meeting a single parameter value. The contractor is allowed to 
trade off P^//Vo versus G/T and L' performance. As G/T^ is improved, the detec¬ 
tor performance can be degraded, and vice versa. 


5.7 SATELLITE REPEATERS 

Satellite repeaters retransmit the messages they receive {with a translation in car¬ 
rier frequency). A regenerative (digital) repeater regenerates, that is, demodulates 
and reconstitutes the digital information embedded in the received waveforms be¬ 
fore retransmission; however, a mmregeneratiye repeater only amplifies and re¬ 
transmits. A nonregeneralive repeater, therefore, can be used with many different 
modulation formats (simultaneously or sequentially without any switching), but a 
regenerative repealer is usually designed to operate with only one, or a very few. 
modulation formats. A link analysis fur a regenerative satellite repeater treats the 
uplink an3 downlink as two separate poinl-lo-point analyses. To calculate the over¬ 
all bit error performance of a regenerative repeater link, it is necessary to deter¬ 
mine separately the bit error probability on the uplink and downlink. Let and Pj 
be the probability of a bit being in error on the uplink and downlink, respectively. 
A bit will be correct in the end-to-end link if either the bit is correct on both tlie 
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up- and downlink, or if it is in error on both ihe up- and downlink. Therefore, the 
overall probability that a bit is correcl is 


P. - (I - P„)(l - PJ -H P„P^ (5.53) 

and the overall probability that a bit is in error is 

Pb^^- P, - IP.Pj (5.54) 

For low values of P,^ and P,p the overall hit error performance is approximated 
simply by summing the individual uplink and downlink hit error probabiliiies: 

Pb* Pu^ Pa (5.55) 

5.7.1 Nonregenerative Repeaters 


Link analysis for a nonregenerative repeater treats the entire ‘ round trip ' (uplink 
transmission to the satellite and downlink retransmission to an earth terminal) as a 
single analysis. Features that are unique to nonregenerative repeaters, are the de¬ 
pendence of the overall SNR on the uplink SNR and the sharing of the repeater 
downlink power in proportion to the uplink power from each of the various uplink 
signals and noise. Henceforth, reference to a repeater or transponder will mean a 
nonre^yeneraiive repeater, and for simplicity, we will assume that the transponder is 
operating in its linear range. 

A satellite transponder is limited in transmission capability by its downlink 
power, the earth terminal's uplink power, snlellilc and earth terminal noise, and 


channel bandwidth. One of these usually is a dominant performance constraint; 
most often the downlink power or the channel bandwidth proves to be the major 
sy.slem limitation. Figure 5.24 illustrates the important link parameters of a linear 


satellite repeater channel, 't he repeater transmits alt uplink .signals (or noise, in the 
absence of signal) without any proces.sing beyond amplification and frequency 
translation. Let us assume that there are multiple simultaneous uplinks within the 
receiver's bandwidth W' and that they are separated from one another through the 
use ol a technique Ci\\\til freqaeney^division multiple access (FDMA). FDMA is a 


communications resource-sharing technique whereby different users occupy dis¬ 
joint portions of the transponder bandwidth: FDMA is treated in C hapter 11. I'hc 
satellite effective downlink pow'er EIRP, is constant and since we arc assuming a 
linear transponder. EIRP, is shared among the multiple uplink signals (and noise) 
in proportion to their respective input power levels. 

The transmission starts from a ground station (bandwidth < W), say terminal 
/, with a terminal EIRP,, = P„(J„. Simultaneously, other signals are being transmit¬ 
ted to the satellite (from other terminals). I'he EJRP from the kih terminal will 
henceforth be referred to simply as F*. At the satellite, a total signal power Pj- = 
lA^P^ is received, where reflects the uplink propagation loss and the satellite 
receive antenna gain for each terminal. N,W is the satellite uplink noise power, 
where N, is the composite noise power spectral density due to noise radiated into 
the satellite antenna and generated in the satellite receiver. The total satellite 
downlink EIRP, = FyC,,, where F, is the satellite transponder output power and G,, 
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Linear transponder annplifiers 
total gain = PsKPt 



Figure $.24 Non regenerative satellite repeater. 


is tJie satellite transmitting antenna aain. can be expressed by the following identity 
[14]: 


EIRP, = EIRP,p[>4,/», + (Pr " APi) + (5.56) 

Both the left and right sides of Equation (5.56) express the total satellite EIRP. On 
the right side» the term 0[i4,P, + (Pr “ A,P,) + N,\V] constitutes the fractional ap* 
porlionmcnt of EIRP. for the various users and uplink noise, such that the compos¬ 
ite expression equals unity. The usefulness of this identity should become clear 
shortly. The total power gain of the transponder can be expressed as (iP,, Since P, 
is fixed and the input signals can vary. 0 = l/{Pr+ represents an automatic 

gain control (AGO term. The total received uplink signal power, P^, has purposely 
been written asA^Pj -i- (Pi-A^P,) to separate signal i power from the remainder of 
Ihc simultaneous signals in the transponder. The total power received at the ;lh 
earth terminal, with bandwidth W, can be written as 

P,, - ElRP,^,p[AP, + {Pt - AP,) + KW] + N,W (5.57) 
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where yj=Gf^/L,L,, accounts for downlink losses and receiving antenna gain for the 
;th earth terminal. EIRP,-y/represents the portion of EIRP, that is received by theyth 
earth lerminahand is the downlink noise power spectral density generated and in¬ 
troduced into that terminal receiver. Equation (5.57) describes the essence of down¬ 
link power apportionment among the various users and noise in a repeater. Let us 
rewrite Equation (5.57) by replacing 3 with its equivalent 1/(P7+ as follows: 


= EIRP.-y, 


A,P, Pj - AiP, N,W 
-—— + — - — +- - - ) + W 

Py + N,W Pj^ N,W Pj-^ N,W I » 


(5,58) 


To facilitate our discussion, let us amplify Equation (5.58) with words, yielding 


P.^« EIRP.7; 


S, U/L power 


total {S ^ fsf) U/L power 


balance S U/L power 
total {5 + N) U/L power 


U/L noise power \ 

---+ IV 

total (S + AO U/L power / * 


where S stands for signal power, N for noise power, and U/L for uplink. 

From Equation (5.58), can you recognize an important relationship that must 
exist among multiple users sharing a nonregenerative transponder? The users must 
cooperate with one another, by not exceeding agreed-upon uplink transmission 
power levels. Equation (5.58) states that the portion of the downlink EIRP dedi¬ 
cated to any one user (or to uplink noise) is determined by the ratio of that user’s 
uplink power to the total uplink signal plus noise power. Hence if one of the shar¬ 
ing users should choose to ‘'cheat'* by increasing his or her uplink power, the effect 
would be an enhancement of this user's downlink signal level, at the expense of the 
other users' downlink signal levels. Notice from Equation (5.58) that the uplink 
noise shares the downlink resource along with the other users. This coupling of up¬ 
link noise onto the downlink is a feature unique to nonregenerative repeaters. 

From Equation (5.5H) we can express the PJN for signal / received at the yth 
terminal as 


I n),,’" ElRP,7,[A/,W/(Pr + N,W)] + 
and we can write the overall P,/iV„ for signal i received at theyth terminal as [14J 


UJ„ EIRP,7,P^ +/V, 

Equations (5.58) to (5.60) illustrate that the uplink repeater noise degrades the 
overall SNR in two ways—it "steals’* downlink EIRP. and it contributes to the total 
system noise. When the satellite uplink noise dominates—that is. when P-j-«N^W, 
the link is said to be uplink limited, and most of the downlink EIRP^ is wastefully 
allocated to uplink noise power. When this is the case and when EIRP, 7 /» N^W, 
we can rewrite Equation (5.60) as 
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(5.61) 


ElRF.xAWH- ^ ^ 

\nJ., (eirp.vW^) + at, A^, 

Equation (5.61) illustraieb that in the case of an uplink limited channel, ihe overall 
ratio essentially follows the uplink SNR. The more common situation is 
the downlink limited channel, in W'hich case P 7 -» A^,W', and the satellite EIRP is 
limited. In this case. Equation (5.6()) can be rewritten as 



E]RP.y, A,PJPt 

/V, 


(5.62) 


The power of the transponder is then shared primarily among the various uplink trans¬ 
mitted signals; very little uplink noise is transmitted on the downlink. The performance 
of the repeater, in this case, is constrained only by its downlink parameters. 

Table 5.5 illustrates a link analysis example (full round trip) for a nonregener- 
ative repealer. The uplink portion by itself does not constitute a link budget since 
the transmission is not demodulated at the satellite. Without demodulation, there 
are no hits and therefore there is no way to measure Ihe bit-error performance. 
After the full round trip, the signal is demodulated at the earth terminal; only then 
does the link analysis yield the margin. The example in Table 5.3 represents a case 
where the satellite transponder is servicing 10 simultaneous users. In the block 
marked is shown the ratio PAPr+f^.Wy which dictates the apportionment of 
the downlink EIRP for the signal of interest. In this example, with ail users irans* 
mitting the same power level, each of the signals is allocated y.8% of the downlink 
EIRP. In the block marked ‘B" wc see the apportionment of the downlink EIRP. 
The total is 1514.7 W; the user of interest gets 148.5 W: the other nine users get a 
total of 1336.1 W; and the uplink noise is apportioned 30.1 W. 

An estimate of the performance described in Equation (5.60) can be obtained 
by using the uplink and downlink values of (or PrlNo). combined as follows, 
in the ahsence of interrfwdnlution noise |15]. 



(5.63) 


where the subscripts ov. u, and cL indicate overall, uplink, and downlink values of 
respectively. 

Most commercial satellite transponder designs are nonregencrative. How¬ 
ever. it seems clear that future commercial systems will require on-board process¬ 
ing, switching, or selective message addressing, and will use regenerative repealers 
to transform the received waveforms to message bits. Besides the potential fur so¬ 
phisticated data processing, one of the principal advantages of regenerative com¬ 
pared to nonregencrative repealers is that the uplink is decoupled from the 
downlink so that the uplink noise is not retransmitted on the downlink. There are 
significant performance improvements ptissible with regenerative satellite re¬ 
peaters in terms of the Etfl^u values needed on the uplinks and downlinks, relative 
to the values needed for the conventional nonregencrative designs in use today. 
Improvements of as much as 5 dB on the uplink and 6.8 dB on the downlink (using 
coherent OPSK modulation, with 10^) have been demonstrated |16l. 
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TABLE 5.3 Link Budget Example For a Non regenerative Satellite Repeater with 10 Users: Uplink 
Frequency = 375 MHz, Downlink Frequency = 275 MHz, Range = 22,000 Nautical Miles 


Uplink 


Downlink 


rransmitter power (dBW) 

Transmitter circuit losses (dB) 

Transmitter antenna gain (peak-dBi) 

Dish diameter (ft) 10.00 

H al f-po wer be am widl h {degrees) 19.16 

ElRP(dBW) 

Path loss (dB) 

Transmitted signal power (dBW) 

Transmitted other signal power (dBW) 

Transmitted U/L noise power (dBW) 

Other losses (dB) 

Received isotropic signal power (dBW) 

Received isotropic U/L noise power (dBW) 

Receiver antenna gain (peak dBi) 

Dish diameter (ft) 15-lM) 

Half-power beamwidth (degrees) 12.77 

Received signal power (dBW) 

Received U/L noise power (dBW) 

Receiver antenna temperature (dB-K) 

Receiver noise figure at antenna purl (dB) 

Receiver temperature (dB-K) 

System temperature (dB-K) 

System C/T (dB/K) 

Boltzmann's constant (dBW/K-Hz) 

Noise spectral density (dBW/Hz) 

System bandwidth (dB-Hz) 

Noise power (dBW) 

U/L noise + D/L noise power (dBW) 

Simultaneous accesses 10 

Received other signal power (dBW) 

Other signals 4- noise (dBW) 

P./(/>; + )V,W) (dB) 

Pr/N (dB) 

Overall P,/N(dB) 

P./iV„ (dB-Hz) 

Overall P,//Vo (dB-Hz) 

Data rate (dB-bit/s) 

Available F.yA'o (dB) 

Required (dB) 

Margin (dB) 


27.0 (500.0 W) 

13.0 (20.0 W) 

1.0 

1.0 

19.0 

19.8 

15.00 


17.42 


45.0 

31.8 (1514.7 W) 

176.1 

173.4 


21.7 (148.5 W) 

1 

31.3 (1336.1 W) 

1 

14.8 (30.1 W) 

2.0 

2.0 

-133,1 

-153.7 


-160.6 

22.5 

16.3 

10.00 


26.13 


-110.6 

-137.4 


-144.3 

24.6 ( 290 K) 

20.0 (HK)K) 

10.8 

2.0 

35.1 (3197 K) 

22.3 (170 K) 

.35.4 (3487 K) 

24.3 (270 K) 

-12.9 

-8.0 

-228.6 

-228.6 

-193.2 

-204.3 

75.6 (36.0 MHz) 

75.6 (36.0 MHz) 

-117.6 

-128.7 


-128.6 


- 101.1 

- 101.0 

A 

-H.7 
- 8 .« 

82.6 66.9 

66.8 

50.0 (100,000 bits/s) 
16.8 

10.0 

_ EH 


-IQ.I (0.098) 
7.0 
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5.7.2 Nonlinear Repeater Amplifiers 


Power is severely limited in most satellite communication systems, and the ineffi¬ 
ciencies associated with linear power amplification stages are expensive to bear. 
For this reason, many satellite repeaters employ nonlinear power amplifiers. Effi¬ 
cient power amplification is obtained at the cost of signal distortion due to nonlin¬ 
ear operation. The major undesirable effects of the repealer nonlinearilics are; 

1. Intermodulation (IM) noise due to the interaction of different carriers. The 
harm is twofold; useful power can be lost from the channel as IM energy 
(typically 1 to 2 dB). and spurious IM products can be introduced into the 
channel as interference. The latter problem can be quite serious. 

2. AM-to-AM conversion is a phenomenon common to nonlinear devices such 
as traveling wave lubes (TWT). At the device input, any signal-envelope fluc¬ 
tuations (amplitude modulation) undergo a nonlinear transformation and 
thus result in amplitude distortion at the device output. Hence, a TWT oper¬ 
ating in Us nonlinear region would not be the optimum power-amplifier 
choice for an amplitude-based modulation scheme (such as QAM). 

3. AM-to-PM conversion is another phenomenon common to nonlinear devices. 
Fluctuations in the signal envelope produce phase variations that can affect 
the error performance for any phase-based modulation scheme (such as PSK 
orDPSK). 

4. In hard limiters, weak signals can be suppressed, relative to stronger signals, 
by as much as 6 dB (2), In saturated TWTs, the suppression of weak signals is 
due not only to limiting, but also to the fact that the signal coupling mecha¬ 
nism of the tube is optimized in favor of the stronger signals. The effect can 
cause weak signals to be suppressed by as much as 18 dB [17]. 

Conventional nonregenerativc repeaters are generally operated backed-off 
from their highly nonlinear saturated region; this is done to avoid appreciable !M 
noise and thus to allow efficient utilization of the system's entire bandwidth. How¬ 
ever, backing off to the linear region is a compromise; some level of IM noise must 
be accepted to achieve a useful level of output power. 


5.8 SYSTEM TRADE-OFFS 

The link budget example in Table 5.3 is a resource allocation document. With such 
a link tabulation, one can examine potential system trade-offs and attempt to opti¬ 
mize system performance. The link budget is a natural starting point for consider¬ 
ing all sorts of potential trade-offs: margin versus noise figure, antenna size versus 
transmitter power, and so on. Table 5.4 represents an example of a computer exer¬ 
cise for examining a possible trade-off between the earth station transmitting 
power and the system noise margin at the receiving terminal. The first row in the 
table is taken from the Table 5.3 link budget. Suppose a system engineer is con¬ 
cerned that a 500-W transmitter is not practical because of some physical con- 
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TABLE 5.4 Potential Trade-Off: P, versus Ma/gfn 


/>,(W) 

(dB-Hz) 

h 

(dBHz) 

(liB-Hz) 

Margin 

(dB) 

500.0 

82.6 

66.9 

66.8 

6.8 

250.0 

79.6 

66.8 

66.6 

6.6 

125.0 

76.6 

66.6 

66.2 

6.2 

62.5 

73.6 

66.3 

65.5 

5.5 

31.3 

70.5 

65.7 

64.5 

4.5 

15.6 

67.5 

64.8 

62.9 

2.9 

7.8 

64-5 

63.3 

60-8 

0.8 

3.9 

61.5 

61.4 

58.4 

-1.6 

2.0 

58.4 

59.0 

55.7 

^.3 

I.O 

55.4 

56.4 

52.9 

-12 

0.5 

52.4 

53.6 

49.9 

-10.1 


slraints within the transmitting earth terminal or that such a transmitter makes the 
system ‘'uplink rich*’ (a poor design point). The engineer might then consider a 
trade-off of tran-smitter power versus thermal noise margin. TTic listing of candi¬ 
date trade-offs is a trivial task for a computer. Table 5.4 was generated by repeating 
the link budget computation multiple limes* and at each iteration, reducing P, by 
one-half. 

The result is a selection of transmitters (in step.s of 3 dB) and uplink, down¬ 
link, and overall SNRs, and margin, associated with each transmitter value. The 
system engineer need only peruse the list to find a likely candidate. For example, if 
the engineer were satisfied with a margin of 3 to 4 dB, it appears he could reduce 
the transmitter from 5(X) W to 20 or .30 W. Or. he might be willing to provide a 
transmitter with, say, P, = 100 W, since he may want to consider additional trade¬ 
offs (perhaps because of having misgivings about one of the other subsystems, say 
the antenna size). The engineer would then start a new tabulation with P, = IIK) W. 
and again perform a succession of link budget computations, to produce a similar 
enumeration of other possible trade-offs. 

Notice from Table 5.4 that one can recognize the uplink-limited and downlink- 
limited regions, discussed earlier. In the first few rows, where the uplink SNR is high, 
a 3-dB degradation in uplink SNR results in only a few tenths of a decibel degrada¬ 
tion to the overall SNR, Here the system isdownlinklimited: that is. the system is con¬ 
strained primarily by its downlink parameters and is hardly affected by the uplink 
parameters. In the boltomfewrowsof the table, we see that a 3‘dB degradation to the 
uplink affects the overall SNR by almost 3 dB. Here the system is uplink limited; that 
is. the system is constrained primarily by the uplink parameters. 


5.9 CONCLUSION 

Of the many analyses that support a developing communication system, the link 
budget stands out in its ability to provide overall system insight. By examining the 
link budget, one can learn many things about the overall system design and perfor¬ 
mance. For example, from the link margin, one learns whether the system will meet 
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its requirements comfortably, marginally, or not at all. It will be evident if there are 
any hardware conslrainls, and whether such constraints can be compensated for in 
other parts of the link. The link budget is often used for considering system trade¬ 
offs and configuration changes, and in understanding subsystem nuances and inter¬ 
dependencies. Together with other modeling techniques, the link budget can help 
predict weight, size, and cost. We have considered how to formulate Ihis budget 
and how it might be used for system trade-offs. The link budget is one of the system 
manager's most useful documents; it represents a “bottom-line" tally in the search 
for optimum error performance of the system. 
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PROBLEMS 


5.1. (a> What is the value in decibels of the frcc-space loss for a currier frequency of 

ICXJ MHz and a range of 3 miles? 

(b) The transmitter output pi»wcr Is 10 W. Assume that both the transmitting and 
receiving antennas are isotropic and that there are no olher losses. Calculate I ho 
received power in dBW, 

<c) If in part (b) the EIRP is equal to 20 W. calculate the received power in dBW. 

(d) If the diameter of a dish antenna is doubled, calculate the antenna gain increase 
in decibels. 

(e) For the system of pari (a), what must the diameter of u dish antenna be in order 
for the antenna gain to be iU dB? Assume an antenna efficiency of 0.55. 

5.2. A transmitter has an output of 2 W at a carrier frequency of 2 GHz. Assume that the 
transmitting and receiving antennas are parabolic dishes each 3 ft in diameter 
Assume that the cfllciency of each antenna is 0.55. 

(a) Evaluate the gain ol each antenna. 

(b) Calculate (he El RP of the transmitted signal in units ol dBW. 

(c) U the receiving antenna is locaied 25 miles from (he transmitting antenna over j 
free-spacc path, find the available signal power oui of the receiving antenna in 
units oldBW. 

5.3. From'labic 5.1 we see that Ihe proposal from Satellite Television Corporation called 
for a direct broadcast salclliie (PBS) EIRPof 57 dBW and a downlink transmission 
frequency ol 12.5 GH/. Assume that the only lc«s is ihc downlink space loss shown. 
Suppose that the downlink information consists of a digital signal with a dala rale of 
5 X W bils/s. Assume that the required is 10 dB, the system temperature ul 
your home receiver is 600 K, and ihai your rooftop dish has an efficiency of 0.55. 
What is (he minimum dish diameter that you can use in order to close the link? Do 
you think the neighbors will object? 

5.4. Anampliflerhasaninpuiandoutpuiresisianceof50il. a 60-d&gain, and a bandwidth 

of 10 kHz. When a resistor at 290 K is connected to Ihc input, the output rms noise 

voltage is lUO ^V. Determine the effective noise temperature of the amplifier 

5.5. An amplifier has a noi.se figure of 4 dB. a bandwidth ol 50U kHz, and an input resis¬ 
tance of 50 H. Calculate the input signal voltage needed to yield an output SNR - I 
when the amplifier is connected to a signal source of 50 il at 290 K. 

5.6. Consider a communication system with Ihe following specifications: transmission fre¬ 
quency = 3 GHz, mixJulalion format is BPSK, hit-error probability = data rale = 
1(X) bits/s. link margin -3 dB. EIRP = 100 W. receiver antenna gain - 10 dB, distance 
between transmitter and receiver = 40.000 km. Assume that the line lo.ss between Ihc 
receiving antenna and the receiver is negligible. 

(a) Calculate the maximum permissible noise power spectral density in watts/hertz 
referenced to the receiver input 

(b) What is the maximum permissible effective noise temperature in kelvin for the 
receiver if the antenna temperature is 290 K? 

(c) What is the maximum permissible noise figure in dB for the receiver? 

5.7. A receiver preamplifier has a noise figure of 13 dB. a gain of 60 dB. and a bandwidth 
of 2 MHz. The antenna temperature is 490 K. and the input signal power is 10''~ W. 

(a) Find the effective temperature, in kelvin. of (he preamplifier. 

(b) Find the system temperature in kelvin. 
fc) Find the output SNR in decibels. 
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5.8. Assume lhal a leceivcr has Ihe foUoNving parameters: gain - 50 JB, noise figure - 10 
dB, bandwidth = 500 MHz. input signal power = 50 x JO"^ W, source lempcralurc, 
rj = 10 K. line loss = 0 dB. You arc asked to insert a preamplifier between the an¬ 
tenna and the receiver. The preamplifier is to have a gain of 20 dB and a bandwidth 
of 500 MHy. Find the preamplifier noise figure that would be required to provide a 
lO-dB improvemenl in overaU system SNR. 

5.9. Find the maximum allowable effective .system temperature. 7'y required to jusf dose a 
particular fink with a bit error probahitiry of 10'-' for a data rale of R= iO kbits/s. The 
link parameters are as follows: transmission frequency = 12 GHz. EIRP = 10 dBW, 
receiver antenna gain -OdB. modulation type is noncoherenlly delected BFSK, other 
losses = 0dB, and the distance between transmitter and receiver = 100 km. 

5.10. Consider a receiver made up of the following three stages: The input stage is a prir- 
amplifier with a gain of 20 dB and a noise figure of 6 dB. I’hc second stage is a 3-dB 
lossy network. ITic output stage is an amplifier with a gain ol 60 JR and a noise 
figure of 16 dB, 

(a) Find the composite noise figure for the receiver. 

(h) Repeal part (a) with the preamplifier removed, 

5.11. (a) Find the effective input noise temperature. FJ, of a receiver comprised ul three 

amplifier stages connected in series with power gains, from inpul lo output, of 
10. 16. and 20 dB. and effective noise temperatures, fn^m input t<i output, of 
\mi 2700. and 4800 K. 

(b) What would the gain of the firsl stage have lo be to reduce the contribution lo 

of all stages after the first to 10 % of the first-.stage contribution? 

5.12. The effective temperature of a particular multiple-stage receiver is required lo be 

300 K. Assume that the effective temperatures and gains of stages 2 through 4 arc as 
follows: 7?» 600 K/n = ^ = 2U00 K. G. * 13 dB. and = 20 dB. 

(a) Compute the required gain. G|. for Ihc first .stage, under the conditions that 
n ^ 200.230,265,290.295. and .-^M) K. 

(b) Plot the O') versus 'D tradc-off. 

(c) Regarding contributions to the effective temperature of the receiver, why is it 
reasonable in this case to ignore all stages beyond the fourlli stage? 

(d) In a practical engineering tradc-off between 7^i and G| what range of 7; value.s 
do you think should be considered? 

5*13. A receiver consists nf a preamplifier followed by multiple amplifier stages. The com¬ 
posite effective temperature of all the amplifier stages is IfiOO K. referenced lo the 
preamplifier output. 

(a) Compute the receiver effective noise temperature, referenced to the preampli¬ 
fier input, for a single-stage preamplifier with a noise temperature of 401) K and 
gains of 3. 6. 10. 16. and 20 dB. 

<h) Repeal part (a) for a two-stage preamplifier with 400-K noise per stage and gains 
of 3, 6. 10. and 13 dB per stage. 

(c) Plot the receiver effective temperature versus Ihe gain of the first siagc for pans 
(a) and (b). 

5.1 4« (a) Equation (5.42) shows the composite noise figure for a network made up of a 
lossy line followed by an amplifier. Develop a general expression for the com¬ 
posite noise figure of three such networks connected in series. 

(b) Consider a network that is made up of an amplifier followed by a lossy line. De¬ 
velop a general expression for the composite noise figure of three such networks 
connected in series. 
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(c) A receiver is made up of ihe following component parts in series: Receiving an¬ 
tenna with temperature = 1160 K. lossy line 1 with Lj = 6 dB. amplifier 1 wiih 
noise figure f", = 3 dB and gain G| = 13 dB, lossy line 2 with = 10 dB, and 
amplifier 2 with noise figure A =^6 dB and gain = 10 dB. The input signal Ls 80 
picowatts (pW) and the signal bandwidth is 0.25 GH/. Trace the values ol signal 
power, noise power, and SNR throughout the system. 

5.15. <a) An amplifier having a gain of 10 dB and a noise figure of 3 dB is connected to the 

output of a receiving antenna directly (no line loss between them). Following the 
amplifier is a lossy line with a loss factor of 10 dB. Consider that (he input signal 
power is 10 pW, the antenna temperature is 290 K, and the signal bandwidth is 0.25 
GHz. Find the SNR into and out of the amplifier, and out of the lossy line. 

(b) Repeat part (a) with the antenna temperature equal to 1450 K. 

5.16. A receiver with 80<IB gain and an effective noise temperature of 30(K) K is con¬ 
nected to an antenna that has a noise temperature of 600 K. 

fa) Find ihe noise power that is available hom I he source over a 40-MM7 hand. 

fb) Find the receiver noise power referenced to the receiver input. 

<c) Find the receiver output noise power over a 40-MH/ hand. 

5.17. An antenna is pointed in a direction such that it ha.s a noise temperature of 50 K. It is 
connected to a preamplifier that has u noise figure of 2 dB and an available gain ut 
30 db over an effective bandwidth of 2U MH?. The inpui stgn:il In the preamplifier 
has a value of 10’^* W 

(tt) Find the effective input noise temperature of the preamplifier, 

(h) Find the SNR out of the preamplifier. 

5.18. A receiver with a noise figure of 13 dB is connected to an anienna through 75 ft of 
31K)-U iransmis-sion line that has a loss of 3 dB per UK) ft. 

(a) Evaluate the composite noise figure ol the line and the receiver. 

<b) If a 2C)-dB preamplifier with a 3’dB noise figure is inserted between the line and 
the receiver, evaluate the composite noise figure of the line, the preamplifier, 
and Che receiver 

(c) Evaluate the composite noise figure if the preamplifier is inserted between the 
antenna and the transmission line. 

5.19. A satellite communication system uses a transmitter that produces 20 W of RK 
power at a carrier frequency of 8 GHz that is fed into a ZTt parabolic antenna. The 
distance to the receiving earth station is 20.000 nautical miles. The receiving system 
uses an 8-ft paraholip antenna and has a 100-K system noise temperature. Assume 
that each antenna has an efficiency of 0.55. Also assume that the incidental losses 
amount to2 dB. 

(h) Calculate the maximum data rate that can be used if the modulation is differen¬ 
tially coherent PSK (DPSK) and the hit error probability is not to exceed I0“\ 
fb) Repeal part (a) assuming that the downlink transmission is at a carrier frequency 
of 2 GHz. 

5.20. Consider that an unmanned spacecraft with a carrier frequency of 2 GHz and a JO-W 

(ransponder is in the vicinity of the planet Saturn (a distance of 7.9 x 10^ miles from 
Ihc earth). The receiving earth station has a 75*ft antenna and a system noise tem¬ 
perature of 20 K. Calculate the size of the spacecraft antenna that would be required 
to just close a lOO-bits/s data link. Assume that the required is 10 dB and that 

there arc incidental losses amounting to 3 dB. Also assume that each antenna has an 
efficiency of 0.55. 
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5.21. ia) 


<b) 

<c) 

(d) 

(e| 

5.22. {a) 


(b| 

(c) 

5.23. (a) 


(b) 

<c) 

id) 


(e» 

(f) 

<g) 


<h) 

(M 


Assume a rcccis’ur ironi end y»\lh I he lollowng parnmclcr^: gain = 6<) dB, band¬ 
width = 5U0 MH/, noise figure = 6 dB. input signal power - 6.4 x lO'*' W, source 
temperature. 77^ = 290 K. line loss = 0 dB. A preamplifier with the following 
characteristics is inserted between the aDteona and the receiver: gain = ID JB, 
noise tigurc = 1 dB. Find the composite receiver noise figure, in decibels. How 
much noise figure improvement, in decibels, has been realised? 

Find the output SNR improvement, in decibels, as a result of the improved noise 
figure. 

Repeal part (b) lor 7^ = 600tJ K. What is the output SNR improvement in 
decibels? 

Repeat pari (b) tor 7^ - 15 K. What is the output SNR improvement in decibels? 
What conclusions can you draw Irom your answers with regard to how the im-i 
provenieni in output SNR tracks the improvement in noise figure? Explain. 
Given the following link parameters, find the maximum allowable receiver noise 
figure. The modulation is coherent BPSK with a bit-error probabiUiy of 10 *' for a 
data rate of 10 Mhits/s. The transmission frequency is 12 GHz, ThcEIRPisOdBW, 
The receiving antenna diameter is 0.1 m (assume an elficiency of 0.55). and the 
antenna temperature is 800 K. "nic distance between the transmitter and receiver 
is 10 km. The margin isUdBand the incidental los.sesdrc as.sumed to be OdB. 

If the (Jala rate is doubted, how will that affect the value of the noise figure in 
part (a)? 

If the antenna diameter is doubled, how will that affect the value of the noise 
figure in part (a)? 

Ten users simultaneously access a nonregeneraltve satellite repeater with a 50- 
MHz bandwidth using an FDMA access scheme. Assume that each uw*s HIRP 
is 10 dBW: also assume that each user's cocfficleni A, * C^IL^L,, = -140 dD. 
Whal is ihe total power P, received bv the satellite receiver? 

Assume that the satellite system noise temperature is 2000 K. What is the value 
of the satellite receiver noise power in wafts, referenced to the receiver input? 
Whai Ls the uplink SNR ul the satellite receiver for each user's signal? 

Assuming the received power at the satellite from each user is the same, what 
fraction of the satellite EIRP ts allocated to each of (he 10 users' signals? 11 the 
satellite downlink EIRP, = 1000 W. how many waits per user is downlinked? 

How much of the satellite EIRP is allocated to the transmission of uplink ther¬ 
mal noise? 

is the sateltfie uplink limited or downlink limited? Explain. 

At the earlh station, the receiver noise temperature is 800 K. What is the resul¬ 
tant (overall) average signal-to-noise power spectral density {P^/N^t) lor u single 
user's transini^sion across a 50-MHz band? Assume that the coefficient y — 
G,/L,L.,--140 dB. 

Recalculate P, Wj for a smgjc user's transmission, using an approximation result¬ 
ing from your answer to part (f). 

In the absence of intermodulation noise, the following repeater rclatiunship is 
often iLsed: 


overall f ^ ) - uplink f + downlink 

\ No / V N(» / 

Recalculate P,/N^^us]ng this relationship, and compare Ihe result with your answers 
to parts (g) and (h): 
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5.24. How many users can simultaneously access a nonrcgcccrative saiellile repeater with 
a lOO-MHz bandwidth, such that each user is allocated 50 W of the satellite's EIRP 
of 5000 W? At the satellite, the effective system temperature 7^ ^ 3500 K. Assume 
that each user's uplink EIRP is 10 dBW and that the G^L,L„ term that reduces this 
EIRP at the satellite receiver is equal to -140 dB for each user. 

5.25. An A WON channel has the following parameters and requirements: The data rate = 
2.5 Mbits/s; the modulation is coherent BPSK with perfect frequency-, carrier-, and 
timing-synchronization, and the required bit-error probability is 10'^ the carrier fre¬ 
quency is 300 MHz; the distance between Iransmilter and receiver is 100 km: the 
transmitter power is 10*' Watt: the Iransmil and receive antennas each have a diame¬ 
ter of 2 m and an efficiency of 0.55: the rcceiver-antcnna temperature is 290 K: the 
line, from the receiver-antenna output to the receiver input has a loss factor, of 1 dB; 
there are no other losses. Find the maximum receiver noise figure in dB that can be 
used CO just close the link. 

5.26. A wrisiwatch radio is in transmit and receive I Mbii/.s data with a hit-error probabil¬ 
ity of 10'’. It is to operate over a range of 10 km at a carrier frequency of 3 fiH/. The 
modulation is DPSK. and the GfP' is —30 dB/K. Such a radio might be used in a 
moving vehicle and subject to a fading-signal loss. The radio designer wants to exam¬ 
ine the iradc-off between minimizing the required F.IRP and maximizing the fading 
loss that can be sustained. Produce a table showing several EIRP versus fading-loss 
values lu help in seleciing the needed balicry. Consider the EIRP values of inlcresi 
to be in I he range of 3(Ki mW to 10 W. Is it possible to meet the system specifications 
with a fading loss of 20 dB and an EIRP under 10 W? 

The designer decides that the wrisiwatch radio in Problem 5.2b does not have to 
meet the stated specifications while in a moving vehicle, and hence the fading loss 
can be established as 0 dB. Assume that the minimum allowable F.IRP associated 
With this 0-dB toss is chosen for the transmitter (from the solution to Problem 5.26). 
What is the minimum value of transmitter power that can be used if the effeelive 
area ot the transmitting antenna is 25 cm*? 


QUESTIONS 

5.1. Why is free-spact hss a function of wavelength? (See Section 5.3.3.) 

5J. What is the relationship between received signaJ-lo-noise (S/N) ratio and carrier-to- 
noise (Cy/V) ratio? (Sec Section 5.4.) 

5.3. How much link margin is enough? (See Section 5.4,3.) 

5.4. There are two primary sources of noise and interference degradation at the input of 
a receiver What are they? (See Section 5.5.5.) 

5.5. In order to achieve equitable sharing of a nonregenerathc satellite repeater, whal 
important relationship must exist among multiple users? (See Section 5.7.1.) 

EXERCISES 

Using the Companion CD, run the exercises associated with Chapter 5. 
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